Kindle vs. Printed Book An Environmental Analysis by Dowd-Hinkle, Dealva Jade
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
5-2012
Kindle vs. Printed Book An Environmental Analysis
Dealva Jade Dowd-Hinkle
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Dowd-Hinkle, Dealva Jade, "Kindle vs. Printed Book An Environmental Analysis" (2012). Thesis. Rochester Institute of Technology.
Accessed from
Kindle vs. Printed Book
An Environmental Analysis
By Dealva Jade Dowd-Hinkle
A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science
in the School of Print Media
in the College of Imaging Arts and Sciences
of the Rochester Institute of Technology
May 2012
Primary Thesis Advisor: Dr. Patricia Sorce
Secondary Thesis Advisor: Dr. Marcos Esterman
Table of Contents
Abstract.............................................................................................................................................. i
Chapter 1: Introduction...................................................................................................................... 1
      1.1 Topic Statement..................................................................................................................... 1
      1.2 Significance of Topic............................................................................................................. 1
      1.3 Reason for Interest in the Study............................................................................................. 1
Chapter 2: Literature Review............................................................................................................. 3
      2.1 Introduction............................................................................................................................ 3
            2.1.1 Human Impact.............................................................................................................. 3
            2.1.2 Impact of Print.............................................................................................................. 6
            2.1.3 Impact of IT.................................................................................................................. 10
            2.1.4 Company Participation................................................................................................. 13
      2.2 Life Cycle Assessment........................................................................................................... 15
            2.2.1 LCA Components......................................................................................................... 15
                  2.2.1.1 Goal Definition and Scope................................................................................... 16
                  2.2.1.2 Inventory Analysis............................................................................................... 18
                  2.2.1.3 Impact Assessment............................................................................................... 18
                  2.2.1.4 Life Cycle Interpretation...................................................................................... 19
            2.2.2 LCA Benefits................................................................................................................ 19
            2.2.3 LCA Limitations........................................................................................................... 19
      2.3 IT Environmental Impact Assessment................................................................................... 20
            2.3.1 Greening the Infrastructure........................................................................................... 20
            2.3.2 The Economics of Recycling........................................................................................ 22
            2.3.3 The WEEE Directive.................................................................................................... 22
      2.4 Print Environmental Impact Assessment............................................................................... 24
      2.5 Print vs. Screen...................................................................................................................... 26
      2.6 Summary................................................................................................................................ 30
Chapter 3: Research Objectives......................................................................................................... 32
Chapter 4: Methodology.................................................................................................................... 33
      4.1 Introduction............................................................................................................................ 33
            4.1.1 The Kindle.................................................................................................................... 33
      4.2 System Boundaries................................................................................................................ 34
            4.2.1 SimaPro Boundaries..................................................................................................... 34
      4.3 Assumptions........................................................................................................................... 37
      4.4 Functional Unit...................................................................................................................... 38
      4.5 System Description................................................................................................................ 40
            4.5.1 Materials & Manufacturing Stage................................................................................ 40
            4.5.2 Storage and Distribution Stage..................................................................................... 43
            4.5.3 Use Stage...................................................................................................................... 44
            4.5.4 End-of-Life Stage......................................................................................................... 45
Chapter 5: Kindle Results and Analysis............................................................................................ 47
      5.1 Introduction............................................................................................................................ 47
      5.2 Network................................................................................................................................. 48
      5.3 Characterization..................................................................................................................... 50
      5.4 Normalization........................................................................................................................ 51
      5.5 Conclusions........................................................................................................................... 52
      5.6 Sensitivity Analysis............................................................................................................... 54
Chapter 6: Kozak Results Summary.................................................................................................. 57
      6.1 Introduction............................................................................................................................ 57
      6.2 Goal Definition and Scope..................................................................................................... 57
            6.2.1 System Boundaries....................................................................................................... 57
            6.2.2 Functional Unit............................................................................................................. 58
      6.3 General Assumptions............................................................................................................. 59
      6.4 Methodology.......................................................................................................................... 60
      6.5 Results................................................................................................................................... 61
Chapter 7: Comparative Analysis...................................................................................................... 63
      7.1 Introduction............................................................................................................................ 63
      7.2 Adjustments........................................................................................................................... 63
      7.3 Scenarios................................................................................................................................ 65
            7.3.1 Global Warming Potential............................................................................................ 67
            7.3.2 Ozone Depletion........................................................................................................... 68
            7.3.3 Terrestrial Acidification................................................................................................ 70
      7.4 Conclusions........................................................................................................................... 71
Chapter 8: Discussion and Conclusions............................................................................................ 73
      8.1 Introduction............................................................................................................................ 73
      8.2 Kozak Conclusions................................................................................................................ 73
      8.3 Old vs. New Research............................................................................................................ 75
      8.4 Overall Conclusions............................................................................................................... 78
Bibliography...................................................................................................................................... 79
General References............................................................................................................................ 83
Appendix A: Full Bill of Materials.................................................................................................... 84
Appendix B: Vehicle Emissions Calculations................................................................................... 90
Appendix C: Kozak Adjustment Calculations................................................................................... 92
Appendix D: Scenario Breakdown.................................................................................................... 93
Appendix E: Raw Kindle Inventory Data.......................................................................................... 94
Appendix F: Raw SimaPro Calculations (Kindle versions 1-3)........................................................ 136
Appendix G: Raw EOL Calculations for the Printed Book............................................................... 139
List of Tables
Table 1. Total emissions in tons per year for volatile organic compounds (VOC), nitrogen oxides 
(NOx)................................................................................................................................................... 9
Table 2. Recycling scenarios investigated.......................................................................................... 23
Table 3. Survey responses for different metrics used......................................................................... 26
Table 4. Emissions of various reading devices................................................................................... 29
Table 5. Unit vs. System process........................................................................................................ 36
Table 6. Survey Results....................................................................................................................... 40
Table 7. Abbreviated Bill of Materials................................................................................................ 41
Table 8. Calculations for tkm estimates.............................................................................................. 44
Table 9. Breakdown of energy sources for Rochester, NY................................................................. 45
Table 10. Phase names comparison, LCA vs. SimaPro...................................................................... 47
Table 11. Conventional book system inventory by life cycle stage.................................................... 62
Table 12. Breakdown of components of the books read in Kozak & Dowd research........................ 64
Table 13. Summary of scenarios for Kozak/Dowd sensitivity analysis.............................................. 65
List of Figures
Figure 1. Map of survey results. Greendex value. indicates the measure of eco-friendly consumer 
behavior in over 65 categories............................................................................................................ 5
Figure 2. Phases of a book’s life cycle................................................................................................ 7
Figure 3. Total electricity use for servers in the U.S. and the world in 2000 and 2005, including 
the associated cooling and auxiliary equipment................................................................................. 11
Figure 4. CPU contribution to total server power for two generations of Google servers at peak 
performance and for later generation at idle....................................................................................... 12
Figure 5. Greenpeace’s guide to greener electronics “results meter”................................................. 14
Figure 6. Stages of an LCA................................................................................................................. 16
Figure 7. Power and energy savings achievable by reducing power consumption to 10% of 
peak..................................................................................................................................................... 21
Figure 8. Responses to the question “Does your company have a sustainability 
policy?”............................................................................................................................................... 25
Figure 9. Total Life Cycle Comparison results................................................................................... 28
Figure 10. Projected change in CO2 emissions due to eReader sales across the globe...................... 29
Figure 11. Side by side comparison of the original Amazon Kindle, the Kindle Graphite used for 
this research, and the Kindle Fire....................................................................................................... 33
Figure 12. System boundaries for the Amazon Kindle....................................................................... 35
Figure 13. Equation for calculating kWh............................................................................................ 45
Figure 14. Kindle input network at 10%............................................................................................. 49
Figure 15. Results of the characterization analysis for the Kindle..................................................... 51
Figure 16. Results of the normalization analysis for the Kindle......................................................... 52
Figure 17. Pie chart of the product contribution chart for the Kindle................................................. 53
Figure 18. Comparison of impacts for LCD screen sensitivity analysis............................................. 55
Figure 19. Conversion Equations........................................................................................................ 64
Figure 20. Scenarios 1 - 3 comparison of the Kindle and the printed book for Global Warming 
Potential (kg CO2 eq.)......................................................................................................................... 68
Figure 21. Scenarios 4 - 6 comparison of the Kindle and the printed book for Global Warming 
Potential (kg CO2 eq.)......................................................................................................................... 68
Figure 22. Scenarios 1 - 3 comparison of the Kindle and the printed book for Ozone Depletion 
(kg CFC-11 eq.).................................................................................................................................. 69
Figure 23. Scenarios 4 - 6 comparison of the Kindle and the printed book for Ozone Depletion 
(kg CFC-11 eq.).................................................................................................................................. 69
Figure 24. Scenarios 1 - 3 comparison of the Kindle and the printed book for Terrestrial 
Acidification (kg SO2 eq.)................................................................................................................... 71
Figure 25. Scenarios 4 - 6 comparison of the Kindle and the printed book for Terrestrial 
Acidification (kg SO2 eq.)................................................................................................................... 71
Figure 26. Data for Kozak eReader and the printed book for Terrestrial Acidification (kg SO2 eq.). 
Printed book includes the addition of the EOL................................................................................... 74
Figure 27. Data for Kozak eReader and the printed book for Ozone Depletion (kg CFC-11 eq.). 
Printed book includes the addition of the EOL................................................................................... 74
Figure 28. Data for Kozak eReader and the printed book for Global Warming Potential (kg CO2 
eq.). Printed book includes the addition of the EOL........................................................................... 74
Figure 29. Data for the Kindle eReader, printed book, and REB 1100 eReader for Global 
Warming Potential (kg CO2 eq.). Printed book includes the addition of the EOL............................. 75
Figure 30. Data for the Kindle eReader, printed book, and REB 1100 eReader for Ozone 
Depletion (kg CFC-11 eq.). Printed book includes the addition of the EOL...................................... 75
Figure 31. Data for the Kindle eReader, printed book, and REB 1100 eReader for Terrestrial 
Acidification (kg SO2 eq.). Printed book includes the addition of the EOL....................................... 75
Abstract
The focus of this thesis was to investigate digital technology in the print industry in order 
to better understand the environmental impact of certain digital devices. For this research, 
the Amazon Kindle was selected, and a secondary source was used for a comparison of a 
printed book. A Life Cycle Assessment (LCA) was performed on the Kindle using a 
software called SimaPro. The results were then compared to an adjusted version of the 
data from a secondary source on printed books. Results indicated that in the three primary  
areas examined, Global Warming Potential, Ozone Depletion, and Terrestrial 
Acidification, with only one user per book, the Kindle may have less environmental 
impact. As the number of users per book increased, the data suggested that the printed 
book tends to have less of an environmental impact. While it was necessary to have a 
variety of assumptions in order to perform this analysis, these same assumptions caused 
the final data to have a large area of uncertainty. More research into this field is needed in 
order to delve deeper into the impact of digital devices such as the Kindle.
Chapter 1
Introduction
1.1 Topic Statement
This thesis involved an investigation into digital technology and the print industry to gain 
an understanding of how environmentally friendly these industries are and where they are 
going. It was also involved a comparison of reading books in print versus digital form in 
order to determine under what conditions one technology has less impact on the 
environment than the other, in terms of reading books.
1.2 Significance of Topic
Faced with the growing shift towards electronic media, either through computers, phones, 
hand held devices, or electronic readers, the printing industry is struggling to position 
itself as a communications medium. Many believe that a shift toward electronic data will 
yield a more environmentally friendly media system, but to the researcher’s knowledge 
very little formal, public domain, research has been done on this issue. This thesis 
investigated under what conditions electronic reading has less environmental impact than 
a printed book.
1.3 Reason for Interest in the Study
The researcher’s interest in this issue stemmed from two different areas of her life. First, 
she was raised in a small town that prided itself on becoming more environmentally 
friendly and sustainable, so she was raised with an understanding of and an interest in 
1
environmentalism. She continued this interest in college and earned a degree first in math 
and science and then in science journalism, focusing mainly on environmental topics. Her 
interest in this issue also came from her love of writing and books, and while it is sad that 
books may disappear some day, she looks forward to seeing where new technology will 
take us in the publishing industry. Overall, it is her concern for the growing dangers to 
our environment, and her desire to keep publishing alive that has sparked her interest in 
this topic.
2
Chapter 2
Literature Review
2.1 Introduction
When performing a Life Cycle Assessment it is important to keep the big picture in mind. 
There is an entire network of systems behind a given product that the consumer never 
sees, and this network must be included in any assessment of the product. This literature 
review looks at the human impact on the environment, and more specifically, the impact 
of print and information technology (IT) on the environment. It also explains the basic 
structure and methodology for performing a Life Cycle Assessment and the benefits and 
limitations of such an analysis. It also provides a summary of previous research 
highlights past results and potential future areas of investigation.
2.1.1 Human Impact
Today, there are very few who can claim that they do not know what climate change is, 
and the scientific debate as to whether it is something to be concerned about weighs 
heavily in the direction that it does exist, and that it is time to do something about it (The 
Royal Society, 2005). In 2005 the U.S. National Academy of Sciences, along with 10 
other National Academies of Science, issued a joint statement that said:
The scientific understanding of climate change is now sufficiently clear to 
justify nations taking prompt action. It is vital that all nations identify 
cost-effective steps that they can now, to contribute to substantial and 
long-term reduction in net global greenhouse gas emissions. (The Royal 
Society, 2005)
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While this statement is true, it omits a key element needed for fighting climate change: 
the consumer. If people do not understand how their everyday choices affect the 
environment, then they will not be receptive to any changes that governments or 
corporations attempt to initiate.
A survey in 2009 by Gallup Polls, which did face-to-face or phone call interviews with 
people from 127 countries, showed that while 97 percent of Americans are aware of 
climate change, only 49 percent of those people think that it is a result of human activities 
(Pelham, 2009). This is an interesting contrast to other countries, such as Japan, where 99 
percent of those surveyed were aware of climate change and 91 percent of those people 
felt it was due to human activities (Pelham, 2009).
Not only does it appear that Americans do not believe they are at fault for climate change, 
they are also the least likely to make consumer choices that are environmentally friendly. 
In 2010 the company GlobeScan partnered with National Geographic to do a worldwide 
survey to track consumer choices and the environment. They surveyed 17 countries, 
17,000 individuals in all, around the world and ranked each country by how 
environmentally sustainable their consumer behavior was. Overall, 65 areas relating to 
housing, transportation, food, and consumer goods were measured. Brazil, India and 
China scored very high, while Canada and America had the lowest scores (see Figure 1).
4
Figure 1. Map of Survey results. Greendex value indicates the measure of eco-friendly consumer behavior in 
over 65 categories (GlobeScan, 2010).
The GlobeScan survey found that the belief that environmental problems are exaggerated 
was the least likely reason for a lack of eco-friendly consumer choices. The two major 
reasons cited were that companies make false claims about the eco-impact of their 
products, also known as “greenwashing” and that “individual efforts are not worth it if 
governments and industries don’t take action” (GlobeScan, 2010). Whether or not there is 
truth in those beliefs statement, the assumption that it is not worth it to be eco-friendly 
unless the government and industries take action has the potential to create a self 
perpetuating cycle of a lack of action. Without pressure from consumers, industries and 
governments will not have the motivation and pressure to become eco-friendly, and yet, 
without eco-friendly options and incentives created by industries and the government, it 
is difficult for consumers to change their shopping patterns.
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As the United States, and the world, continue to become more and more dependent on 
energy and digital networking, it is vital to get the word out to citizens about how they 
are personally affecting the environment and about how educated decisions can help them 
reduce their impact.
Proper recycling and End-of-Life decisions are two ways to help reduce the impacts of 
products on the environment. It is not simply enough to recycle bottles, cans, and paper 
anymore. With digital devices having a very short lifespan, less than four years for a 
laptop according to a survey by SquareTrade Warrenties (Armaro, 2009), and with new 
computers and more powerful devices coming out every year, consumers are going 
through a lot of digital devices. And this is not to mention accessories such as scanners, 
printers, cameras, tablets/eReaders, and more. Changing how these devices are designed, 
produced, distributed and disposed of is important, but a highly recyclable device will 
have no effect if the consumer puts it in the trash instead of the recycling stream. It is 
vital to change the way consumers think about these digital devices, and get greater 
amounts of information out to the public so that they can make smart decisions about the 
products they buy.
2.1.2 Impact of Print
When understanding the environmental impact of any product, it is important to know the 
boundaries of the system. Any product could be detailed down almost indefinitely, and it 
is key to set in advance how detailed and how far the assessment will go. This is slightly 
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easier with a printed book than with technology as a book is not interconnected to other 
devices through the Internet cloud. VTT Technical Research Centre of Finland looked at 
the carbon footprint of a typical Finnish hardback book and found that one book 
generates 1.2 kg CO2e. This is about the equivalent of a car driving 4.5 miles. This 
analysis looked at the entire lifespan of the book from fiber supply until it was delivered 
to the retailer’s warehouse (See Figure 2). It did not examine the End-of-Life (EOL), and 
the content creation phase (VTT, 2010). BASIC FACTS ABOUT CARBON 
FOOTPRINTS 
• Carbon footprint is a measurement of 
the greenhouse gases produced during 
a product’s life cycle.
•  Greenhouse gas emissions produced 
during the life cycle of a typical Finnish 
book include among others carbon di-
oxide (CO2), methane (CH4), and nitrous 
oxide (N2O).
•  Carbon footprints are expressed as a 
carbon dioxide equivalent (CO2e), which 
is a measure used to describe how 
much global warming a given type of 
greenhouse gas may cause, using the 
functionally equivalent amount of con-
centration of carbon dioxide as the ref-
erence.
•  Greenhouse gases in the atmosphere 
increase the temperature of the Earth 
similarly to the glass walls of a green-
house. They allow short-wave solar ra-
diation to pass through the atmosphere 
but trap long-wave energy refl ected 
back from the Earth. The thicker the 
blanket of greenhouse gases, the more 
of the outgoing energy gets trapped 
and the greater the warming effect.
•  Climate change is the result of a rapid 
rise in the concentration of greenhouse 
gases in the Earth’s atmosphere. Ac-
cording to the UN’s Intergovernmental 
Panel on Climate Change (IPCC), the 
most rapidly growing sources of green-
house gases are energy production, 
transport, industry, housing, deforesta-
tion, agriculture, and buildings.
ENERGY PRODUCTION AND 
CONSUMPTION IN A KEY ROLE
Emissions resulting from the use of pur-
chased electricity in paper and paperboard 
production and printing are responsible for 
more than 50% of the carbon footprint of 
a typical Finnish book. The size of the car-
bon footprint therefore depends especial-
ly on the sources of energy used to pro-
duce electricity. The carbon footprint of in-
dividual products also varies according to 
the size and type of the product (number of 
pages and weight, as well as the method of 
binding) and the packaging materials used.
Emissions resulting from energy pro-
duction have been calculated on the ba-
sis of a fi ve-year average of Finland’s ener-
gy production. The production of electricity 
can be broken down to different sources 
of energy as follows: renewable sources of 
energy 29%, fossil fuels 42%, and nuclear 
power 29%. In addition to greenhouse gas 
emissions, different forms of energy pro-
duction also have many other environmen-
tal impacts.
REDUCING THE CARBON 
FOOTPRINT 
As the producer is not always able to in-
fl uence the production of purchased elec-
tricity and heating energy, the best way to 
reduce the carbon footprint is to lower en-
ergy consumption and increase energy ef-
fi ciency. Other important ways to reduce 
the carbon footprint include reducing the 
amount of raw materials and using mate-
rials more effi ciently. This can be achieved 
by designing products so as to waste as lit-
tle material as possible during the produc-
tion process, for example. Readers can re-
duce the carbon footprint by recycling the 
product after use. 
COMPLEX COMPARISONS 
The results of carbon footprint calcula-
tions depend on the assumptions and 
data used. Calculations produced for dif-
ferent kinds of products or using differ-
ent methods cannot be compared with 
each other. Due to differences in   energy 
Carbon footprint of a book
Total 2322 kg CO2 eq/1000 kg books
Phases of a book’s life cycle excluded from the calculation. The following life cycle phases were not included in the examination: book content 
creation, business travel, manufacturing and maintenance of machines and buildings. Additionally, chemicals and raw materials used forming under 1% 
of the whole were excluded.
Carbon footprint calculations take into account the life cycle of 
books from cradle to the retailer
CARBON FOOTPRINT CALCULATIONS 
Carbon footprint
[kg CO2e/1,000 kg of 
books]
70 kg
3.0 %
1093 kg
47.1 %
1084 kg
46.7 %
75 kg
3.2 %
2322 kg
LIFE CYCLE FIBRE SUPPLY PAPER AND 
PAPERBOARD 
PRODUCTION
PRINTING TRANSPORT TOTAL
Carbon footprint of a Finnish book (kg CO2e/1,000 kg of books) 
SO HOW DOES THE CARBON 
FOOTPRINT OF A TYPICAL 
FINNISH BOOK COMPARE? 
•  The carbon footprint of a single book 
of the type examined in the brochure 
(weighing 500 g) is approximately 1.2 
kg CO2e. The total greenhouse gas 
emissions caused by the production and 
use of one tonne of books amount to 
approximately 2,322 kg (CO2e).
•  The carbon footprint of an individual 
book is equivalent to the greenhouse gas 
emissions of a journey of approximately 
7.3 kilometres in a new car (CO2e = 164 
g/km).
•  The contribution of newspapers, books, 
and other paper products to the climate 
impacts of consumption by Finnish 
households in 2005 was relatively small 
(approximately 1%), while the biggest 
climate impacts were attributable to 
housing (28%), food products (16%), and 
transport (13%). (Seppälä et al. 2009)
Pulp, paper and board 
mill, production of  
purchased energy and 
the manufacturing of 
chemicals
Total of all transport of 
the product and its raw 
materials during its life 
cycle
Fibre supply
Paper and board
manufacturing
Printing
Transport
Printing house, production 
of purchased energy and 
the manufacturing of 
printing ink and plates
Emissions caused by 
fibre supply
The life cycle of a book 
is followed until the 
book is transported to 
retailer’s warehouse
production, variations between different coun-
tries can also be considerable. Moreover, other 
environmental impacts should also be considered 
when calculating the carbon footprints of different 
products or product groups. 
0
500
1000
1500
2000
2500
Transport
Purchased energy, printing
Chemicals, materials, printing
End papers (paper manufacturing)
Cover (board manufacturing)
Inner sheets (paper manufacturing)
TransportPrinting
Paper and board 
manufacturing
Fiber Supply
Life cycle of a book is 
followed until the book is 
transported to retailer’s 
warehouse
Total of all transport of 
the product and its raw 
materials during its life 
cycle
Printing ho r uction 
of purc  energy and 
the anufacturing of 
printing ink and plates
Emissions caused by 
fiber supply
Pulp, paper and board mill, 
production of purchased 
energy and the 
manufacturing of chemicals
Figure 2. Phases of a book’s life cycle. Image recreated fro  VTT, 2010.
According to Inform Inc. (2011) there are three stages in the life of paper that have the 
greatest negative impact on the environment: harvesting the trees, processing the wood 
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into pulp, and disposal at the end of its life. Some of this impact can be avoided by using 
sustainably managed forests that are replanted after each harvest and cared for by tree 
farmers. Using properly managed forests or tree farms not only helps reduce the loss of 
naturally growing forests, it also allows for increased quality control regarding the type of 
wood that is produced.
Approximately 90,000 Tree Farmers manage 24 million acres of forest to meet the wood 
and paper needs of the U.S. (NH Tree Farm Program, 2011). These farms are all managed 
and certified by the American Tree Farm System, and many paper companies are certified 
by the Forest Stewardship Council (FSC), which tracks the supply chain to ensure that 
the paper produced has come from sustainable forests.
A second way that paper producers reduce their environmental impact is by using non-
virgin, or recycled, pulp. This not only reduces the number of trees that need to be cut, it 
also reduces waste that goes to landfills. The reduction of waste is vital to reducing 
paper’s impact as paper gives off methane as it is decomposing, a greenhouse gas 23 
times more potent than carbon dioxide (Inform, 2011). According to the EPA, paper 
accounts for more than one third of all the recyclables collected in the U.S. Almost 45 
million tons of paper and paperboard were recycled in 2010, a recovery rate of over 63 
percent (EPA, 2011).
Although recycling helps significantly to reduce the use of virgin pulp, it is important to 
remember that paper cannot be infinitely recycled. Each time paper is recycled, the fibers 
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within it get shorter and shorter. Paper can generally be recycled five to seven times 
before it is no longer usable (EPA, 2011).
In 2004, the Environmental Roadmapping Initiative compiled data from various sources, 
including the National Emissions Trend and the National Toxics Inventory to create a 
quantitative impact table for emissions from various printing methods. Two of these 
categories which are relevant in regards to this research are book publishing and book 
printing (See Table 1). These databases calculated the levels of emissions of volatile 
organic compounds (VOC) and nitrogen oxides (NOx) for each sector.
To put these emissions into perspective, the final row of Table 1 shows the amount of 
each emission by all the cars driven in the U.S. in a single hour. This calculation indicates 
that in a single year, book publishing produces approximately the same amount of VOCs 
as every vehicle in the U.S. driving for 5 hours, and approximately a half hour of driving 
worth of NOx (See Appendix B for calculations breakdown).
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Sector VOC NOx
Book Publishing (ton/yr) 2,668 126
Book Printing (ton/yr) 1,593 70
Commercial Lithographic Printing (ton/yr) 20,195 781
Car emissions (ton/hr) 472 236
Table 1. Total emissions in tons per year for volatile organic compounds (VOC), nitrogen 
oxides (NOx). Data from 1996 (ERI, 2004). Light grey rows indicate the equivalent amount 
released in tons/hr by all vehicles driving in the U.S.
2.1.3 Impact of IT
The data centers that support the Internet cloud are one of the primary areas of energy 
consumption in the digital world. These servers are on day and night, and are located 
around the world. Because they are behind the scenes, many consumers forget about their 
ecological impact.
Servers used for Internet purposes can consume up to 50 percent of their maximum 
energy when idle (Hopper & Rice, 2008). These servers are not the only equipment to 
consume vast amounts of energy. Because these servers produce heat, they need cooling 
and auxiliary equipment to prevent overheating and crashing. This secondary equipment 
uses as much electricity, if not more, than the servers themselves (see Figure 3).
10
020
40
60
80
100
120
140
2000 20002005 2005
Sources: IDC data for installed base, 
shipments, and most popular models, 
and manufacturer data on power use 
for individual server models. Total 
expenditures assume U.S. industrial 
electricity prices (2006 dollars)
0.8% of estimated 2005 world 
electricity sales, $7.8B/year
1.2% of 2005 U.S. 
electricity sales, 
$2.7B/year
U.S. World
To
ta
l e
le
ct
ri
ci
ty
 u
se
 (b
ill
io
n 
kW
h/
ye
ar
)
Figure 3. Total electricity use for servers in the U.S. and the world in 2000 and 2005, including the associated 
cooling and auxiliary equipment (Koomey, 2007).
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equipment
High-end servers
Mid-range servers
Volume servers
Not only are these systems consuming large amounts of energy, but their consumption is 
also increasing at a rate of 15 percent a year (Hopper & Rice, 2008), an estimate Hopper 
& Rice believes is conservative as it “only considers the energy cost of using and cooling 
servers and omits network infrastructure and data storage systems” (Hopper & Rice, 
2008, p. 3686). It is important to remember that the majority of servers are on 24/7 as 
they support websites that are constantly in use. A prime example of this is Google, 
which requires many data centers full of servers at all times of the day. Figure 4 shows 
the amount of power consumed by Google servers at peak use and when idle, as can be 
seen, even when the servers were not in use they still consumed a large amount of energy. 
This is true, Barroso (2007) explained, not only for standard servers, but also for efficient 
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ones, “even an energy-efficient server still consumes about half its full power when doing 
virtually no work” (Barroso & Hölzle, 2007, p. 35).
While consumers may not get to choose what servers the websites they access use, 
increasing their awareness of the problem will encourage companies to seek out more 
efficient servers, which in the end, will save the company money on electricity, as well as 
have a positive impact on the environment.
With so much power being consumed on the server end, one might wonder why it is 
necessary even to focus on the actual eReader device. The answer involves how many 
electronic devices Americans consume. A study by the U.S. Energy Information 
Administration (EIA) in 2009 found that 39 percent of average U.S. households own 4 or 
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Figure 4. CPU contribution to total server power for two generations of Google 
servers at peak performance and for later generation at idle (Barroso & Hölzle, 
2007, p. 35).
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more rechargeable electronic devices and 90 percent of households own at least one 
device (U.S. Energy Information Administration, 2009).
Moreover, these devices are constantly being replaced and upgraded. Amazon has come 
out with six models (plus three international versions) of the Kindle in only the past 3 
years, and with each new upgrade, many consumers discard or resell their old versions in 
exchange for the latest model. Because of this, each new model released means older 
ones become obsolete. A look at Amazon’s used Kindle section reveals that there are over 
250 older Kindles up for sale (as of 2/2/2012), and this doesn’t take into account the 
hundreds or possibly thousands that are appearing on other resale websites such as Ebay.
2.1.4 Company Participation
Although not every company is willing to help consumers deal with their old products, 
many are starting recycling programs. These programs primarily deal with taking back 
products from consumers at the end of the product life-cycle, but they can also include 
new policies and manufacturing processes that produce a greener product.
Apple offers a free take-back service for their computers, monitors, iPods, and phones on 
their website. They also provide options for recycling old computer batteries and they 
will even provide the customer with the packing materials needed to send devices back 
(Apple, n.d.).
HP offers two programs rather than one. The first is similar to Apple’s program and 
provides customers with prepaid postage and packaging. The second program is a buy 
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back system that gives customers a chance to sell their old technology back to HP, 
including products made by other companies such as the Amazon Kindle (HP, 2011).
As companies have moved towards greener products and processes, Greenpeace (2010) 
has been conducting eco-analyses of electronics companies to determine their green 
rating. This document is produced every quarter, and lists 18 different companies and 
their rank (see Figure 5) (Greenpeace, 2010).
The ranking focused on three areas: Chemicals, E-waste, and Energy, and within each of 
these areas were five categories. Apple earned high marks for how well it has managed to 
phase out PVC1 and BFR2 chemicals in its products as well as in areas such as carbon 
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Figure 5. GreenPeace's Guide to Greener Electronics "results meter" (GreenPeace, 2010).
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1 PVC: Polyvinyl Chloride. Additives in PVC, which make it more flexible, can leach out and are the 
source of human health concerns.
2 BFR: Brominated Flame Retardants. Many believe that brominated chemicals can have harmful effects 
on humans and animals.
footprint disclosure and energy efficient new models. On the other hand, GreenPeace 
found that Apple scored poorly in areas such as support for Individual Producer 
Responsibility (IPR) and global mandatory reduction of Greenhouse Gases (GHG) 
emissions.
The intent of studies and publications such as this GreenPeace document is to encourage 
companies to strive for greener technology and more eco-friendly processes by appealing 
to their desire to please customers and thus to gain an edge over their competition.
2.2 Life Cycle Assessment
2.2.1 LCA Components
An LCA, or Life Cycle Assessment, “highlight[s] the most significant potential for 
improving a product system from an environmental perspective” (Fava & Pomper, 1997, 
p. 145). The information needed for this analysis is gathered in a Life Cycle Inventory 
(LCI) which gives numeric values to the resources consumed and the environmental 
emissions into the air, water, and land throughout the defined life cycle of the product and 
its system (Fava & Pomper, 1997). There are four major stages to an LCA, goal and 
scope definition, inventory analysis, impact assessment, and interpretation (See Figure 6). 
In the following sections, each of these stages will be defined as described in ISO 14040, 
which defines the principles and framework of an LCA.
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2.2.1.1 Goal Definition and Scope
In order to do any LCA, it is important to define the goal and parameters, or scope, of the 
analysis. This means understanding what the goal of the analysis is, and what types of 
impacts, or areas of interest are the primary focus. According to ISO 14040 an LCA 
outlines the following:
•The intended application
•The reasons for carrying out the study
•The intended audience
•Whether the results are intended to be used in comparative assertions and/or to be 
disclosed to the public
(p. 11, ISO 14040, 2006)
ISO 14040:2006(E) 
8 © ISO 2006 – All rights reserved
 
4.2.3 LCA results may be useful inputs to a variety of decision-making processes. Direct applications of the 
results of LCA or LCI studies, i.e. the applications intended in the goal and scope definition of the LCA or LCI 
study, are depicted in Figure 1. More information on application areas for LCA can be found in Annex A. 
 
Figure 1 — Stages of an LCA 
4.3 Key features of an LCA 
The following list summarizes some of the key features of the LCA methodology: 
a) LCA assesses, in a systematic way, the environmental aspects and impacts of product systems, from raw 
material acquisition to final disposal, in accordance with the stated goal and scope;  
b) the relative nature of LCA is due to the functional unit feature of the methodology; 
c) the depth of detail and time frame of an LCA may vary to a large extent, depending on the goal and scope 
definition; 
d) provisi ns are made, depending on the intended application of the LCA, to respect confidentiality and 
proprietary matters; 
e) LCA methodology is open to the inclusion of new scientific findings and improvements in the state-of-the-
art of the technique; 
f) specific requirements are applied to LCA that are intended to be used in comparative assertions intended 
to be disclosed to the public; 
Copyrighted m
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.
Figure 6. Stages of an LCA (ISO 14040).
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The scope of an LCA is what defines the “breadth, depth and detail of the study [and is] 
compatible and sufficient to address the stated goal” (p. 11, ISO 14040, 2006). The scope 
includes the following items:
•The product system to be studied
•The functions of the product system or, in the case of comparative studies, the systems
•The functional unit
•The system boundary
•Allocation procedures
•Impact categories selected and methodology of impact assessment, and subsequent 
interpretation to be used
•Data requirements
•Assumptions
•Limitations
•Initial data quality requirements
•Type of critical review, if any
•Type and format of the report required for the study
(p. 11, ISO 14040, 2006)
It is also important to understand the limitations of the analysis, what should and 
shouldn’t be included, and how much of the entire life cycle should be investigated. One 
of the most common limitations that researchers put on an LCA is to exclude any 
components or materials that constitute less than 1 percent of the total product. These 
items are excluded because it is generally assumed they have a minimal effect on the 
overall environmental impact and to keep the focus on the larger, more potentially 
harmful components. Chapter Four discusses these boundaries and limitations in relation 
to this study.
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2.2.1.2 Inventory Analysis
The Life Cycle Inventory (LCI) is where all the different components, inputs, outputs, 
and emissions are identified and categorized. It is also where issues and potential 
problems can be spotted. ISO 14040 in the LCI section stated:
The process of conducting an inventory analysis is iterative. As data are 
collected and more is learned about the system, new data requirements or 
limitations may be identified that require a change in the data collection 
procedures so that the goals of the study  will still be met. Sometimes, 
issues may be identified that require revisions to the goal or scope of the 
study. (p. 13, ISO 14040, 2006)
To view the full Bill of Materials inventoried during the LCI for this study, see Appendix 
A.
2.2.1.3 Impact Assessment
The impact assessment phase is where all the effects of the inputs and outputs are 
calculated and categorized as to how they affect environmental, human, and ecological 
health. According to the EPA, the impact assessment of a product is: 
The qualitative or quantitative classification, characterization, and 
valuation of impacts of the inventory items to ecosystems, human health, 
and natural resources, based on the results of an inventory analysis and 
application of various methods and models to determine significance of 
the inventory items (EPA, 1995)
This phase includes an evaluation of the goal and scope of the LCA to determine if all the 
objectives of the study have been met. This is also where any modifications to the goal 
and scope can be made if the assessment shows that they cannot be achieved (ISO 14040, 
2006).
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2.2.1.4 Life Cycle Interpretation
The final stage of an LCA is the interpretation phase. This is where the results of the 
analysis are used to identify and evaluate areas of potential product improvement to 
reduce its environmental impact. These adjustments are then used to recommend policy 
changes to decision-makers within the company (Kozak, 2003).
2.2.2 LCA Benefits
There are four major benefits to performing an LCA on a product, as defined by Greg 
Kozak (2003):
•Assists in improving the environmental impact of a product at various 
stages of its life cycle.
•Results from different product LCAs can be compared, provided that the 
assumptions, functional units, and context of each study are similar.
•Provides insight into potential unknown consequences of a product.
•Assists in understanding complex relationships and is of particular use 
when examining still developing technology such as the Kindle.
2.2.3 LCA Limitations
One of the major problems with an LCA study is that it is goal-dependent, meaning that 
the final outcome can be influenced by the original goal. Because of this, an LCA must 
include careful consideration of factors and impacts, and must take into account 
important assumptions when creating the product system model. Another important area 
to focus on is the system boundaries. A product could be analyzed all the way back to its 
very basic compounds, and many products, with the addition of a network of systems, 
have many branching areas that could be followed almost indefinitely. Creating a 
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justifiably defined area of analysis is vital to breaking the LCA into manageable pieces.  
As Fava and Pomper (1997) state:
Even if the studies clearly define the main process flow and consistently 
apply  the life-cycle concepts and guidelines, the studies may still arrive at 
inconsistent results. The reason for this inconsistency stems from the 
ancillary material flows that are included in the scope of the study. (Fava 
& Pomper, 1997, p. 148)
They emphasize how much the subjective nature of including ancillary materials can 
affect the final outcome of the LCA. Because there is no standard for defining the 
boundaries of an LCA, there is no consistent method for dealing with this variability. 
While this variability should not prevent an LCA from being completed, it should be 
acknowledged when performing the analysis.
2.3 IT Environmental Impact Assessment
2.3.1 Greening the Infrastructure
As discussed earlier in the literature review, the infrastructure behind web-based products 
can have a huge impact on the environment. Because of this, many studies have turned 
their focus to reducing the ecological impact of servers and data centers.
A study by Fan, et al. (2007) looks at various ways to reduce power consumption by 
servers. One strategy is to reduce the amount of energy used during idle server time. In 
most servers, power use does not fall below 50 percent of what is used during peak time. 
By reducing idle power to only 10 percent of peak, consumption levels in servers can be 
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greatly reduced. Figure 7 shows the possible power consumption reduction in theoretical 
web servers and in a real datacenter.
However, just stating that idle energy consumption needs to be reduced is not enough. 
Fan, et al. (2007) also suggest some power provisioning strategies that would assist in 
reducing this energy use.
•Increased understanding of actual power consumption of various 
machines
•Increased variety of applications per server to allow for increased process 
ability
•Reconfiguring server clusters to increase headroom
•Introduction of a dynamic power management scheme to cap peak power
Other studies performed in this field, including one by Koomey (2007), indicated that 
although much is known about the amount of energy consumed by data servers, and the 
rates at which it may increase, little has been done to understand how to prevent or 
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Figure 7. Power and energy savings achievable by reducing power 
consumption to 10% of peak (Fan, 2007)
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reduce this energy consumption. Servers are used for a variety of hosting tasks, and each 
of these consumes energy in a different pattern and at a different level. Web hosting use is 
very different than Internet searches, and both are different than application hosting. A 
better understanding of the different server markets and how they use energy will allow 
for the development of more ecologically friendly data centers (Koomey, 2007).
2.3.2 The Economics of Recycling
One of the most difficult hurdles in the shift to greener products and processes is that 
recycling, and the processes that go with it, are more expensive than simply dumping the 
products into the landfill. This means that although companies may try to shift towards 
recycling, they will still choose recycling processes that are more affordable, and often 
more harmful than other options. The Waste Electrical and Electronics Equipment 
(WEEE) Directive study makes this issue clear, stating: “for none of the environmental 
impact category results does a higher rate of recycling lead to a lower level of impact 
together with a lower treatment cost (across the four scenarios)” (Mayers, France, & 
Cowell, 2005).
2.3.3 The WEEE Directive
In 2003 the European Union initiated the WEEE Directive, which introduced new 
requirements for take-back, treatment and recycling of electronics. Under the directive, 
companies were required to organize and finance the End-of-Life and take-back 
processes in connection with their customers and products (Mayers, France, & Cowell, 
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2005). The goal of this directive was to encourage companies to create recyclable 
products by requiring them to take responsibility of dealing with their own products once 
the consumer does not want them anymore. Two years after the WEEE Directive, 
Mayers, France, & Cowell, looked at how effective this directive was, and whether it did 
in fact have a positive effect on the environmental impact of products.
The study looked at the effectiveness of the WEEE Directive, examining four different 
waste managements scenarios (see Table 2) and nine environmental impact categories to 
determine whether certain scenarios were more eco-friendly, in what categories, and how 
great the incentive actually was to being more eco-friendly (Mayers, et al., 2005). The 
data was based on a real example of printer recycling performed by Hewlett-Packard 
Limited in the United Kingdom and looked at 3,250 returned printers (21.6 tonnes) of 
which 14.6 tonnes were sent for recycling and recovery (Mayers, et al., 2005).
The study found that it is not enough simply to recycle; the degree of recycling is also 
vital, and surprisingly counterintuitive. The data suggested that the 99 percent recovery 
scenario is not the most ecologically friendly option, and in fact, in certain areas, such as 
Four Levels of Recycling Examined
99% recovery scenario Plastics and PCBs recovered
68% recovery scenario Plastics land-filled
61% recovery scenario Plastics and PCBs land-filled
0% recovery scenario 100% land-filled
Table 2. Recycling scenarios investigated (Mayers, et al., 2005).
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human toxicity, and aquatic toxicity, this scenario is in fact more harmful. This is 
primarily because of the metallic emissions from smelting (human toxicity) and the 
precipitation of atmospheric emissions from gas scrubbing (aqueous emissions), both of 
which are part of the incineration of plastics process (Mayers, France, & Cowell, 2005). 
Effects such as these are important to take into consideration when deciding which 
materials to recycle, and even which to put into the product in the first place.
2.4 Print Environmental Impact Assessment
Just like the IT field, the printing industry is taking a hard look at its environmental 
impact and attempting to implement changes. A survey performed by Gambeta, et al. 
(2011) found that 54 percent of print companies that responded have either formal or 
informal sustainability policies in place. In addition, 14 percent indicated that they were 
developing these policies (Figure 8). Of the respondents who had formal or informal 
sustainability policies in place, 99 percent indicated that these policies included 
environmental areas.
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There are many ways to track sustainability in a company. Three of the most common are 
sustainability metrics, LCA, and carbon footprint. According to an article by Jeanette 
Schwarz, there are five basic metrics that are considered in Sustainability Metric analysis 
(Schwarz, J., B. Beloff, et al., 2002):
•Material Intensity: pounds of material wasted per unit output
•Energy Intensity: net fuel-energy consumed to provide heat and power for 
the output process
•Water Consumption: gallons of fresh water consumed per unit output
•Toxic Emissions: pounds of toxic material emitted by the process per unit 
output
•Pollutant Emissions: pounds of pollutants emitted by the process per unit 
output
Carbon footprints, however, include only the amount of carbon (CO2) that the process 
emits into the atmosphere. When printing companies were asked which of these metrics 
they used to track their ecological impact, the majority (35%) responded that they use 
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Figure 8. Responses to the question “Does your company have a sustainability 
policy?” (Gambeta, 2010)
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Sustainability metrics. Only 23 percent indicated that they use the more in-depth LCA to 
track their impact (Table 3).
2.5 Print vs. Screen
Over the past few years, investigative studies into eReaders and eInk technology have 
begun to surface. In 2003, Greg Kozak, a student at the University of Michigan, released 
a paper comparing scholarly print and eBooks. In this study he looked at printed 
textbooks and their digital counterparts using a Life Cycle Assessment approach. The 
goal of the Kozak study was not to determine whether print or digital is better, but rather 
to provide the industry, consumers, and policy makers with more information to better 
understand the potential environmental impacts in this area. In order to view the results in 
their proper light, it is important to know the functional unit and parameters:
•The user must purchase one scholarly book per class (40 books over 4 years)
•The average scholarly book has the following attributes:
•500 pages in length
•Standard-sized 7” x 10” high-end print run with a basis weight of 60 pounds
•1” (top and bottom) and 1.25” (left and right) margins with a font size of 10
•40 scholarly books will have a file size of approximately 54,895 KB 
Metric Yes Under Development No Unsure
Sustainability metrics
LCA
Carbon footprint
35% 19% 36% 10%
23% 15% 49% 13%
31% 16% 45% 8%
Table 3. Survey responses for different metrics used (Gambeta, et al., 2011)
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•The user will purchase five books per visit to the bookstore, thus requiring a total of 8 
trips to the bookstore.
•eReader use is based primarily on the effect of reading each eBook once. Thus, the effect 
of studying is not considered.
•29 additional students attend class (ie. 30 total students per class) with the user and 
therefore must access the same required eBooks from a storage server.
•After four years, the user decides to retain rather than resell or dispose of the purchased 
books. Thus, there is only one user per book and no burdens associated with disposal.
Overall, the results of Kozak’s research indicated that “the conventional book system 
required more raw materials and water inputs, consumed more energy, and produced 
more air and water emissions and solid wastes than the eReader system” (see Figure 9).
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Emma Ritch, of CleanTech Group LLC, did a literature review in 2009, compiling recent 
studies and public opinion on the ecological impact of the Amazon Kindle. The data 
compiled in this report looked specifically at CO2 emissions and found that eBooks 
prevent the release of more CO2 than they release per year (Figure 10).
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Figure 9. Total Life Cycle Comparison Results (Kozak, 2003)
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In addition, Ritch calculated the estimated emissions per unit for various devices and 
found that the Kindle releases 168 kg of CO2 as compared to the 7.46kg of CO2 released 
by a book. However, it is important to take into consideration that a Kindle can hold 
many books. According to these calculations, a Kindle holding more than 23 books will 
offset the amount of emissions it creates. Kozak (2003) found similar results in the CO2 
analysis in terms of the Kindle but found that the book had over 4 times the emissions 
that Ritch (2009) estimated (see Table 4). Kozak’s data indicates that it would take only 4 
books to offset the emissions of the Kindle.
Kg of CO2 emissions due to eReaders sold per year
Kg of CO2 emissions prevented due to eBook sales each year
2009
2010
2011
2012
Figure 10. Projected change in CO2 emissions due to eReader sales across the globe (Ritch, 2009)
463.69 million
463.88 million
849 million
1.31 billion
1.53 billion
2.85 billion
2.42 billion
5.27 billion
Estimated emissions per unit
Ritch (2009) Kozak (2003)
Newspaper 0.62 kg -
Magazine 0.95 kg -
Book 7.46 kg 60 kg
iPhone 55 kg -
Kindle 168 kg 218 kg
Table 4. Emissions of various reading devices (Ritch, p. 6, 2009)(Kozak, p. 91, 2003)
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Although it is unclear what type of book Ritch used in her analysis, it is still clear that 
different analyses have produced different results regarding the Kindle’s environmental 
impact. This was due in part to different assumptions and parameters, but also in part due 
to the limited amount of information available on the Kindle.
During Ritch’s research, she attempted to contact Amazon to determine if there was any 
data readily available. However, “Amazon declined to provide information about its 
manufacturing process or carbon footprint” (p. 6, 2009). When this researcher made the 
same attempt with E-Ink, the company that manufactures the screen for the Kindle, they 
responded stating:
At this time we are not  offering educational discounts, providing samples, 
or loaning prototype kits to universities or customers. Unfortunately, nor 
can we accommodate requests for technical information and or pricing. 
All non-proprietary information is available on our website. The best way 
to learn about our technology is to purchase one of the many products 
that incorporate E Ink®. (McLaughlin, 2011)
Ritch and this researcher’s experience indicates that it is difficult to get accurate 
information about the internal materials of the Kindle, which will increase the 
level of uncertainty regarding the final results.
2.6 Summary
Overall, it is vital to keep the entire picture in mind when performing any 
environmental impact assessment. With an LCA, there is an entire network, 
invisible to the consumer that must be taken into account. This means that it is up 
to the manufacturers to get that information out for consumers to review.
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However, many manufacturers are unwilling to release this information to the 
general public, leaving it up to consumers to educate themselves. In order to help  
consumers educate themselves, it is important to make more studies available to 
the general public.
This thesis is a piece in the digital environmental impact puzzle and was focused 
on comparing mainstream fiction novels in print and digital formats. It compared 
various usage scenarios that shed light on the question of which situations a 
digital or print book might be a better choice for reducing the environmental 
impact on the planet.
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Chapter 3
Research Objectives
The objective of this research was to conduct an LCA for eReaders, leverage an existing 
LCA on printed books, and couple both with exploratory research into consumer behavior 
to construct a series of “real-life” scenarios. These scenarios helped to highlight the 
different factors that may contribute to a printed book or an eReader having less 
environmental impact. The specific objectives for this research included:
• Conduct an LCA for a Kindle
• Adapt the results of an existing LCA on a printed book by scaling the results based on 
updated data and assumptions
• As part of the above, document what levels of access are available for information on 
print and digital LCAs.
• Combine research done on LCAs and research on consumer behavior were combined to 
create a series of “real-life” scenarios to determine:
 • In which scenarios a eReader has less environmental impact
 • In which scenarios a printed book has less environmental impact
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Chapter 4
Methodology
4.1 Introduction
4.1.1 The Kindle
Amazon first released the Kindle on November 19th, 2007 for $399 (Wikipedia, Amazon 
Kindle, 2012). It was sold out in five and a half hours and remained sold out for the next 
five months. Since then, Amazon has come out with four more generations of Kindles, 
the latest being the Kindle Fire which has a color touch screen (See Figure 11).
Figure 11. Side by side comparison of the original Amazon Kindle (2007), the Kindle Graphite (2011) 
used for this research, and the Kindle Fire (2011) (Aryani, 2011 / Wikipedia, 2012 / Amazon, 2012).
Over the past five years, the Kindle has continued to grow in popularity. As of February 
22, 2012, the Kindle Store offers over 1.2 million eBooks for sale. According to The 
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Guardian, Amazon’s eBook sales have actually surpassed their printed book sales with 
115 Kindle books sold for every 100 paperback books (Adams, 2011).
Despite its popularity, very little is known about what goes on behind the scenes in 
manufacturing the Kindle. During the initial research phase of this thesis, only a few 
studies done on the Kindle were uncovered, and all struggled with Amazon’s reluctance 
to reveal where their product was created and what it contained (Kozak, 2003; Ritch, 
2009). As mentioned in Section 2.5, Amazon CEOs were unwilling to make statements 
about their product, and related companies who made the components were also resistant 
to releasing information. For this reason, this study had to make many assumptions based 
on secondary research on other products.
4.2 System Boundaries
4.2.1 SimaPro Boundaries
When performing an LCA, it is key to define the boundaries not only of the device, but 
also of the entire system. There are four overall processes within a system: 
Manufacturing, Distribution, Use Phase, and End-of-Life. Within each of these, various 
subprocesses must be accounted for. To see the entire system boundaries of the Kindle 
refer to figure 12.
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The LCA for this study was based on two different data regions. If the data were available 
for the United States, that data was selected, if not, the data used was based on 
measurements taken in Europe. It should be noted however, that SimaPro uses an 
aggregate collection of data from a variety of sources; therefore, some of the data will not 
be as current as other figures. The analysis was done with the most current data available 
for the current version of SimaPro as of 2012.
One of the first decisions that must be made when selecting the appropriate materials in 
SimaPro is whether to use Unit Process or System Process. Although both will give the 
same end values, there is a difference in transparency and uncertainty between the 
options (See Table 5).
Table 5. Unit vs. System Process. From Pré (2004, p 13)
Unit Process System Process
Very transparent (but big) process tree, that allows 
you to trace to the contribution of all individual unit 
processes
Simple process tree with many black boxes
Contains uncertainty information, that allows you to 
run Monte Carlo analysis No uncertainty information
Relatively slow calculation, as long as one or more 
processes are Unit processes
Very fast calculation, as long as there are only system 
processes
Unit Process, allows for a more transparent look at the processes behind materials and 
allows for a larger network tree to be examined. System process will give the same values 
and perform the same calculations, but the process tree will contain black boxes. For the 
purpose of this study Unit Process has been selected in order to provide the most 
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transparent network tree in order to more accurately trace impacts on a product which has 
not been fully analyzed as of yet.
4.3 Assumptions
In order to conduct an LCA, it is necessary to make a variety of assumptions. These 
assumptions allow a device to be properly defined and places specific boundaries on the 
analysis. The boundaries prevent an LCA from continuing on indefinitely as any product 
could be traced back in an overly detailed way that would cause an overload of data and 
cumbersome analysis. In this section, the general assumptions that affect the entire 
analysis will be discussed, followed by an overview of the assumptions made within 
specific phases of the LCA.
The important terms that will be used in this work include the following:
• The Amazon Kindle Graphite (wi-fi, 6”, no 3G) will be referred to as “Kindle”
• The printed book will be referred to as “printed book”
• eBooks purchased for use on the Kindle will be referred to as “eBooks”.
A secondary set of assumptions was required for various elements within the phases of 
the LCA. These are as follows:
Manufacturing Phase:
• Data for the contents of the eInk screen were unavailable, so analysis was made based 
on an LCD screen of equivalent size.
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• Two items of the LCA were entered as part counts and not by weight and therefore 
could not have an EOL calculated for them: the charger cord and plug, and the 
motherboard.
Use Phase:
• Both the eBook and the printed book were ordered from the Amazon website, thus the 
impacts of having the website hosted will be cancelled out as well as any impacts 
associated with a bookstore.
• Because both the eBook and the printed book went through the same content creation 
process this phase of the life cycle will not be included.
• When the Kindle is plugged in, it stops consuming electricity once the battery is full.
Analysis
• For this research the analysis method used was ReCipe Midpoint (H) v 1.04/World 
ReCipe H.
4.4 Functional Unit
The functional unit for the Kindle was based on multiple factors. The release dates for 
each new Kindle on Amazon indicated that a new product comes on the market, on 
average, every two years. Customer reviews from Amazon and various other websites 
indicated that most consumers keep their Kindle an additional year after a new product is 
released before upgrading to a new device when the price drops (Amazon, 2012; Biggs, 
2007; MobileRead, 2012). Customer reviews and a survey performed by MobileRead 
(2009) also indicated that the Kindle eInk screen begins to fail permanently by the third 
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year. Because of this, the Kindle use phase has been set at three years. The “lifespan” of 
a Kindle includes everything from manufacturing, with estimates for raw materials based 
on data from SimaPro, to End-of-Life (EOL) handling at a recycling facility called Eco 
International.
Eco International was selected for the EOL because Amazon lists this company on its 
website as a recycling center that will take the Kindle free of charge and allows 
customers to print free shipping labels for mailing the Kindle. According to Eco 
International, for the years of 2006-2007, approximately 18 percent of electronics were 
recycled (Eco International, 2011). While this data indicates that recycling is not the 
primary choice for consumers, it represents the best case scenario for this analysis.
A survey done by Lingya Zhang at the Rochester Institute of Technology (2010) shows 
that 75-88 percent of readers (from a sample of 286) read up to 10 books, either in print 
or on the eReader, in a six-month time period (See Table 6). The assumption in this 
section of the survey is that these numbers are mutually exclusive, meaning that the 
individual either read 10 eBooks or 10 printed books. Thus, the average reader can be 
estimated to read 20 books a year or approximately 60 books over a three year period. 
This puts the final functional unit for the Kindle at 60 books over 3 years.
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4.5 System Description
4.5.1 Materials & Manufacturing Stage
The first step of the materials & manufacturing stage is constructing a Bill of Materials 
(BOM). Table 7 shows an abbreviated BOM for the Amazon Kindle. For the full BOM 
with materials/assemblies and processes, see Appendix A.
Table 6. Survey Results (Zhang, 2010)
# Printed Books Read over 6 months n=143
0-10 75.50%
11-20 13.30%
21-30 7.00%
31-40 2.10%
41-50 1.40%
>51 0.07%
# eBooks Read over 6 months n=143
0-10 88.10%
11-20 7.70%
21-30 2.10%
31-40 1.40%
>40 0.70%
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Table 7. Abbreviated Bill of Materials for the Amazon Kindle.
Component Weight
Case Back 36 g
Part 10351 1 g
Keyboard Cover 3.5 g
Case Front 20.9 g
eInk Screen 31.3 g
Copper Wire 1.2 g
Metal Covers 6.2 g
Motherboard 85 g
Plastic Cover 5 g
Support Panel 23.6 g
Speakers 3.4 g
Screws 1.1 g
Internal Components 0.1 g
Miscellaneous Components 1 g
Charger 184 cm + 1p
Instruction Manual 28.2 g
Inner Packaging 73.5 g
Outer Box 116.9 g
Battery 1 p
Paper Wrapper 3.8 g
One of the most difficult steps in performing the LCA of the Kindle was identifying all of 
the component materials. Once the Kindle was opened up, none of the components were 
labeled with more than the occasional model number, so much of the material 
identification had to rely on secondary sources.
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Any unidentified plastics were assumed to be PolyCarbonate plastic formed using 
injection molding. PC plastic is the most common plastic used for electronic components 
because it is a good electrical insulator and is heat resistant and flame retardant. (Plastics 
Europe, 2010)
The case was assumed to be a 50 percent blend of PC/ABS (Polycarbonate/Acrylonitrile 
Butadiene Styrene), which has become a popular plastic blend for car parts as well as cell 
phones and electronic/computer devices (Omnexus, 2011).
Any aluminums within the Kindle were assumed to be an alloy as this is currently the 
most common way of utilizing aluminum (Thorn, 2011). For the speakers, the magnet 
assumed to be used is a neodymium magnet, which is one of the most widely used rare-
earth magnets. It also appears to be nickel-plated (Liandi, N., n.d.).
Research indicated that the Kindle was assembled almost in full in Asia. The particular 
location within the Asian region is unclear, and when the Amazon Vice President was 
asked where the Kindle is manufactured, he simply stated, “China” (Kohn, 2009). 
Research on the Internet through blogs and news sites indicates that the general opinion is 
that the Kindle is manufactured by Hon Hai Precision Ind. Co., Ltd. in Taiwan (Ha, P., 
2007). For the purposes of this research, Taiwan will be considered the main point of 
manufacturing with materials and supplies provided from China. 
The only component that is not built in Asia is the eInk which is manufactured in 
Cambridge Massachusetts by E Ink and then shipped to Prime View International in 
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Taiwan, where the screen itself is manufactured. An eInk screen is a sheet of glass that 
has a patterned layer of silicon transistors that turn the special beads black or white 
depending on the magnetic charge. The sheet of glass must be made in Asia as the 
companies there are the only ones with the technology capable of putting the patterned 
silicon on the sheets of glass (Shih, 2009).
The microchip processor is designed and supplied by Freescale Semiconductor, located in 
Austin, Texas. It is not clear if the chip is manufactured here or in Asia with the rest of 
the components, but for the purposes of this study it will be assumed that the actual 
components are manufactured in China.
4.5.2 Storage and Distribution Stage
Once the Kindle is manufactured, it is sent to one of Amazon’s fulfillment and warehouse 
centers. These are located all over North America, Europe and Asia. For a delivery of a 
Kindle to a Rochester, New York consumer, Hazleton, Pennsylvania was selected at the 
closest distribution center, approximately 250 miles from Rochester, New York 
(“Amazon.com”, Wikipedia, 2011).
From the distribution center in Hazleton, Pennsylvania, the Kindle is shipped directly to 
the consumer’s door, in this case Rochester, New York, using UPS. For the estimated 
distances, weights, and tkm used to calculate shipping impact, see Table 8.
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Table 8. Calculations for tkm estimates. Distance estimates based on measurements by Google Maps
Transport Distance Weight tkm
Materials (China  Taiwan) w/o screen Freight Ship 2,800 km 245 g 0.686
E Ink Screen (Cambridge  Gray Harbor) Train 5,046 km 32 g 0.161
E Ink Screen (Gray Harbor  Taiwan) Freight Ship 14,000 km 32 g 0.448
Full Kindle (Taiwan  Grays Harbor, WA) Freight Ship 14,600 km 495.2 g 7.230
To Distribution Center (Grays Harbor  Hazleton, PA) Train 4,500 km 495.2 g 2.230
To Customer Home (Hazleton, PA  Rochester, NY) Delivery Truck 400 km 495.2 g 0.198
To Eco International (Rochester, NY  Vestal, NY) Delivery Truck 246 km 495.2 g 0.1219
Formula for tkm conversion:
Weight(g) /1000 = weight(kg) x distance(km) / 1,000 (convert to tonne) = tonne kilometers (tkm)
4.5.3 Use Stage
The only part of the use phase of the LCA that needs to be taken into account is the 
electricity used when charging the Kindle. According to the specifications, the Kindle can 
fully recharge from dead in 4.5 hours and a fully charged battery can last for 1month, or 3 
weeks if the wifi is in use.
Although the battery life for the Kindle is so long, the odds are that consumers do not 
wait until the battery is dead to recharge it. Like a cell phone, many users will make a 
habit of plugging the Kindle in regularly in order to keep the battery fully charged. To 
compromise, recharge rates will be estimated at every 2 weeks for the 3 year lifespan. 
Since this will not be a full charge, but may vary depending on use, it is estimated that the 
charge will last for 3 hours. This puts it at 3 hours of charging every two weeks or 26 
times a year, 234 hours of charging over its lifetime, or 1.521 kWh total.
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6.5 Wh / 1000  = 0.0065 kWh * 234 hours = 1.521 kWh total
Figure 13. Equation for calculating kWh
One of the features offered on the EPA website is a fuel mix calculation for electricity 
based on zip  code. This allowed for a more detailed breakdown of the electricity used for 
charging the Kindle. For the detailed breakdown of energy sources in Rochester, New 
York (zip 14623) see Table 9.
Table 9. Breakdown of energy source for Rochester NY (EPA, 2011)
Energy Source Percentage
non-renewable hydro 2.2%
hydro 26.4%
Nuclear 27.8%
Oil 2.2%
Gas 17.9%
Coal 23.1%
4.5.4 End-of-Life Stage
To properly dispose of the Kindle it must be sent to a recycling center. Amazon offers 
recycling information on their website, with instructions for consumers living in Europe 
or the U.S. only (Amazon, n.d.). Amazon works with Eco International to offer 
consumers free recycling options for their Kindle and other electronic devices. Amazon 
and Eco International even offer an online site where customers can create and print 
shipping labels for free to mail their Kindles in for recycling. Eco International states on 
their website:
All reuse and resale products received go through a certified data removal 
process for the device provided. This process is audited on each device 
prior to leaving our facilities. Products received with no reward values are 
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shredded and processed for commodities material recoveries.
(Eco International, 2011)
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Chapter Five
Kindle Results and Analysis
5.1 Introduction
In looking at the results of a SimaPro analysis it is important to know how the results link 
up with the various phases (see Chapter Four for full phase descriptions). This can be 
particularly confusing because SimaPro does not breakdown the results in the same way 
that the ISO standards discuss them. Table 10 provides a breakdown of the phase name 
differences between SimaPro results and LCA categories.
LCA SimaPro
Manufacturing Kindle w/ Packaging
Distribution
Container Ship
Transport freight, rail/RER U
Delivery Van
Use Phase Use Phase electricity
End-of-Life EOL for Kindle
Table 10. Phase names comparison, LCA vs. SimaPro
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The labels that SimaPro uses are heavily dependent on what the user labels the various 
sections when entering their Bill of Materials; the manufacturing, use, and EOL phases 
are all labels that the researcher assigned for this study. The distribution phase, however, 
is broken down into subsections, so that the results are displayed by the type of 
transportation used, rather than the transportation as a whole. This is important, as will be 
seen later in this chapter, as certain transportation methods have a much greater impact 
than others.
5.2 Network
One of the major things that SimaPro creates when the calculations are run is a product 
network. This connects all the various components from the bill of materials together to 
show the flow of impacts. Figure 14 shows the network with only impact areas of 10 
percent or greater displayed. When viewing the chart it is possible to readjust the display 
to show any level of percentage in order to get the range desired. The red bar on the right 
side of each of the blocks shows how much of the total impact that particular area 
contributes. Each block also has in the lower left corner its individual single score value.
In this analysis, the network tree indicates that the primary source of impacts is in the 
manufacturing of the Kindle. This is evident in the single score value, where the Kindle 
overall scores a 0.00325, the Kindle parts and packaging are 91 percent of this value at a 
score of 0.00296. This means that the transportation of the Kindle, charging it during the 
use phase, and its End-of-Life process only account for 9 percent of the overall impact.
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Once that is determined, the network can be used to determine more specifically where 
the impacts are coming from. A look at the chart shows that the three primary sources of 
impacts come from the battery (0.000921 Pt), the motherboard (0.00035 Pt), and the eInk 
screen (0.00138 Pt). However, it is important not to view these results out of context. 
While it appears that these three parts account for 89 percent of the total impact, the 
reality is that there is a very large area of uncertainty for these data in particular.
Figure 14. Kindle input network at 10%.
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All three of these parts required entering in a unit count instead of a breakdown of 
materials (see Appendix A for full Bill of Materials), and most significantly, the eInk 
screen was not an option within the SimaPro software, and so an LCD screen of 
comparable size was selected. This means that not only are the impacts associated with 
the eInk screen missing, but also that entire processes and materials that would not be 
found in the Kindle are included in the analysis. This area of uncertainty is a significant 
factor in all of the results of this analysis, as will be shown in the following sections. For 
a full breakdown of the raw data output by SimaPro, see Appendix E.
5.3 Characterization
In the characterization section, substances that contribute to an impact category are 
multiplied by a characterization factor to determine the relative contribution of the 
substance.
For example, the characterization factor for CO2 in the impact category 
Climate change can be equal to 1, while the characterization factor of 
methane can be 21. This means the release of 1 kg methane causes the 
same amount of climate change as 21 kg CO2 (Pré Consultants, 2008).
These values are then represented graphically as percentages. Figure 15 shows the results 
of the characterization analysis for the Kindle Graphite. The Kindle components with 
packaging makes up the largest percentage of the impact, with transportation via 
container ship coming in second in areas such as terrestrial acidification and urban land 
occupation.
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These results make sense based on what was shown in the network as discussed above. 
The primary source of impact is the Kindle manufacturing, with its large area of 
uncertainty. Among the remaining categories, which have a much smaller area of 
uncertainty, the transportation and shipment of the Kindle is the primary source of 
impact. This is due primarily to fuel consumption, or “fossil depletion”, for the various 
vehicles.
5.4 Normalization
The normalization method allows for impact category results to be compared using a 
reference, or normal, value. In order to do this, the impact category is divided by the 
reference. After normalization is applied all the impact category indicators have the same 
units, allowing for easier comparison.
Figure 15. Results of the characterization analysis for the Kindle.
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As can be seen from Figure 16, the primary areas of impact are human toxicity, 
freshwater eutrophication, freshwater ecotoxicity, and marine ecotoxicity. All of which 
are due primarily to the manufacturing process.
5.5 Conclusions
Taking all of the various methodologies for calculating results, it becomes 
overwhelmingly obvious that the manufacturing phase is the primary area that contributes 
to the Kindle’s environmental impact. This data will be put into better perspective in the 
next chapter, where the results will be compared to a printed book. 
Figure 16. Results of the normalization analysis for the Kindle
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While the results of Figure 16 appear significant on their own, a look at the product 
contribution chart indicates a large area of uncertainty (Figure 17) as was discussed 
earlier. In this pie graph, the largest contributor, at around 25 percent, is the screen of the 
Kindle. However, because there was no information readily available on the eInk screen, 
a substitute was required, and an LCD of equivalent size was selected. This means that 
although these values have pushed the manufacturing phase to the forefront of the 
impacts, it is still unclear if that is the case when using the eInk screen. More data is 
required on the materials and processes behind the eInk screen. Once these data are 
obtained, a more accurate analysis can be performed.
Figure 17. Pie chart of the product contribution chart for the Kindle.
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5.6 Sensitivity Analysis
In addition to doing the primary analysis of the Kindle, it is important to perform a 
sensitivity analysis to determine how influential the assumptions and material choices are 
on the end results. For this research, the eInk screen, which had LCD data substituted in, 
is the largest area of impact and the largest area of uncertainty, so three versions of the 
data were created. Each of these versions used a different LCD data set, originating from 
different sources or with different assumptions.
The following three options for LCD data sets were selected:
1. Assembly, LCD screen/GLO U
2. Assembly, LCD module/GLO U
3. LCD module, at plant/GLO U
The difference between these three types of inputs is all in the data and the network 
behind them. Each took a different approach to cataloging the inputs and outputs of the 
product, and had different materials. Both scenarios 1 and 2 included material inputs of 
acetic acid, acetone, aluminum sulphate, ammonia and argon. Option 3 did not include 
any of these. Options 1 and 2 tended to vary based on the amount of each input or output, 
which could be due to different measurements, different researchers, and different 
product selections. Option 3 tended to take a broader approach to the analysis, and 
instead of including very specific materials, it included other more specific LCAs within 
its breakdown, such as “backlight” or “LCD glass.” This means that it got much of its 
data from yet another source, causing it to deviate from the other two.
54
These three models were then run through a comparison analysis in SimaPro to see how 
altering the LCD screen data affected the final impact results. Figure 18 shows the 
normalized comparison results for these three scenarios. For a full breakdown of the raw 
output data for this comparison, see Appendix F.
As can be seen from Figure 18, there is a difference in impact categories based on what 
data type was selected. This is particularly the case in human toxicity, freshwater 
eutrophication, freshwater ecotoxicity, and marine ecotoxicity. While none of these LCD 
options are the correct one for this research, these differences show that the choices made 
in SimaPro can affect the outcome of the values. Although the impacts for each still fall 
in the same categories, human toxicity, freshwater eutrophication, freshwater ecotoxicity, 
and marine ecotoxicity, the values for each are different. The relative differences 
observed between the categories is not affected, meaning that while Human Toxicity 
Figure 18. Comparison of impacts for LCD screen sensitivity analysis.
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is a large contributor in all of them, it is the decision making process that is important. 
Each has the same general impacts, but different final values and processes for getting 
them. This reaffirms the conclusion that more data needs to be compiled on the eInk 
screen so more accurate results can be calculated.
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Chapter 6
Kozak Results Summary
6.1 Introduction
According to ISO 14044 an LCI alone “shall not be used for comparisons intended to be 
used in comparative assertions intended to be disclosed to the public” (6). However, an 
LCA can be used as a general reference to understand the overall impact that different 
devices have. As long as the functional units of the two devices are identical, the final 
LCA results can be used to do a comparative analysis (ISO 14040, 12).
This chapter will provide a summary of research done by Greg Kozak (2003) at the 
University of Michigan. The research performs a comparison of printed scholarly books 
and eBooks, but the focus of this chapter will be on the printed section only, which will 
then be used as a point of reference in looking at the results of the Kindle research in this 
study.
6.2 Goal Definition and Scope
6.2.1 System Boundaries
The Kozak (2003) case study was a comparative analysis of two different scholarly book 
options, electronic and print, both of which are available to the average consumer, or in 
this case, student. The study had two primary purposes:
1. investigate the life cycle environmental aspects of digital publishing and reading 
devices
2. apply the life cycle models to a variety of applications and compare the results to the 
traditional print counterparts
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There are some important system boundaries that need to be covered as well, before the 
methodology and results of this study are examined. As with the Kindle research in this 
thesis, Kozak (2003) used the United States as the geographic boundaries for the use, 
distribution, and EOL stages of both systems. The boundaries for the raw materials, 
processing, and manufacturing were assumed to be worldwide. Unlike the Kindle 
boundaries, which have a life span of 3 years, the Kozak research covered a period of 4 
years (2002-2006) for the following reasons:
It is believed that this time frame balances two competing needs in that it 
is 1) long enough to uncover the primary environmental effects associated 
with each book system, but also 2) short enough to realistically deal with 
the rapidly changing nature of eBook technologies. (Kozak 2003)
This contrasts with the Kindle system boundaries in this thesis, which bases its timeframe 
on the expected lifespan of the Kindle based on research and consumer shopping trends.
6.2.2 Functional Unit
In the Kozak research the functional unit was defined as 40 scholarly books over 4 years, 
or 10 books a year. Each book was defined as having a 267,000 word count 
(approximately 500 pages), 7” x 10” measurements, with a hard cover. The text inside 
was 10 point font with the following margins: 1” (top and bottom) and 1.25” (left and 
right).
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In the Kozak (2003) research, the user profile was a key part of the functional unit. This 
profile is what defined who was using the eReader or printed book and how. Kozak 
described the user as a typical college student in the United States. The student was 
enrolled in a typical 4 year Bachelor of Arts program and would be enrolled in 5 classes 
per semester. Assuming 2 semesters per year, the student would be enrolled in 40 classes 
over 4 years. Throughout this time, the student was assumed to have purchased only one 
textbook per class, totaling 40 books a year. It was also assumed that the student would 
purchase the textbooks at the beginning of each semester, meaning 8 trips of 5 book 
purchases each.
 Kozak’s End-of-Life assumptions were significant in assessing impacts. It was assumed 
that the student would choose to retain the books at the end of the schooling and so there 
was no resale or disposal. Because of this a rough EOL analysis based on the Kozak 
materials will be performed in SimaPro in order to provide a point of comparison. The 
results of this EOL will be discussed further in Chapter 7.
6.3 General Assumptions
In addition to the functional unit, there are some critical assumptions that need to be set 
in place about the devices and processes involved. For this section only the relevant 
bullet points were extracted directly from the Kozak (2003) study, from section 4.3 
“General Assumptions” as well as other sections when applicable.
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• The document creation for the electronic and traditional book systems is virtually 
identical. Therefore, it has been mutually excluded from this analysis (Kozak 14).
• Although digital media enable information to be presented in a variety of formats, 
including tables, graphs, pictures, rotatable 3-D images, audio and video footage, and 
hypertext linking, these specific modes of communication are not considered in the 
present study. Hence, only printed and digital texts are considered to make an equivalent 
comparison between the electronic and traditional book systems (Kozak 14).
• Since ink represents less than 1 percent of the total weight of the system, environmental 
burdens associated with ink production were excluded from this analysis (Kozak 31).
• When looking at the impacts of the printer, only energy consumption was considered. 
No BOM was created for the printer and no materials analysis was performed.
6.4 Methodology
For the traditional book system the cradle-to-grave LCA included five life-cycle stages:
1) Material production: Materials for a printed book primarily include paper and ink: 
these were gathered from a variety of natural resources.
2) Product manufacturing: The production phase occurred immediately after publishing 
was finished. The book was printed, assembled, bound, and then packaged for delivery.
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3) Product distribution: After the product was printed, the textbook was shipped directly 
from the printing facility to the university bookstore where the student purchased it. Due 
to large volumes of books delivered and stored at bookstores, the impacts associated with 
the intermediate storage was excluded from the analysis.
4) Product Use: Once the printed book reached the bookstore it was processed and 
stocked and was available for purchase and use by the student. Although many textbooks 
are bought and sold through the Internet, for the purposes of this study the means of 
obtaining the textbook were limited to a campus bookstore.
5) End-of-Life management: Once the book reached the end of its life, either because of 
damage beyond repair or because the need for the book had passed, the student would 
either dispose of the book or resell the book. For the purposes of this research however, it 
was assumed that the student would retain the book and would not dispose of it or resell 
it for a second individual to use.
6.5 Results
While the raw data from the Kozak study will be examined in greater depth in Chapter 7 
when it is compared to the Kindle results of this study, this section will look at some of 
the final data that resulted from the Kozak study. Table 11 provides a summary of the 
impacts based on the life cycle stages that Kozak examined.
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Table 11. Conventional book system inventory by life-cycle stage (Kozak, 84)
Life Cycle Stage Material Production Manufacturing Distribution Use
EOL 
Management Total
Material Inputs (kg) 113 21 1 15 0 151
Water Consumption (L) 3,174 26 55 500 0 3,754
Process Energy (MJ) 1,653 724 112 1,305 0 3,794
Air Emissions (g) 99 64 5 55 0 222
Water Emissions (g) 562 87 57 523 0 1,229
Solid Waste (kg) 4 75 0 16 0 94
As would be expected, the primary area of material inputs was in the material production 
stage (Kozak, 2003). This is due to the fact that this is where the largest material 
contributor, wood, is located. Water consumption fell in the material production stage as 
well. Both water emissions and process energy were divided primarily between material 
production and the use phase: however, in the use phase these were primarily due to 
personal transportation (Kozak, 2003). It is also important to note that, as discussed 
earlier, the End-of-Life phase is blank, as Kozak’s assumptions included the user keeping 
the printed book indefinitely.
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Chapter 7
Comparative Analysis
7.1 Introduction
This chapter takes the data gathered by Kozak (2003) and the data for this research, and 
compares the environmental impacts in three primary areas; Global Warming Potential, 
Ozone Depletion, and Terrestrial Acidification. These areas were selected because they 
were the primary focus of the Kozak study and are the three impact areas that match the 
two sets of data.
7.2 Adjustments
In order to compare of the Kozak (2003) research to the Kindle research in this study, the 
functional units must be compatible. The Kozak study looks at 40 books over 4 years (see 
Chapter 6), whereas this research looks at 60 books over 3 years. Because of this, certain 
calculations and adjustments must be performed. First, both functional units need to be 
broken down into their comparable parts, which in this case is total word count and 
square inches of paper (see Table 12). These calculations were based on averages taken 
from samples of books currently in print: total paper usage did not include scrap and 
trimmings, as no indication was given in the Kozak study as to the starting size of the 
sheets. The number of pages was based on the count of pages with text, which are printed 
double-sided, therefore, a 500 page book would actually be comprised of 250 sheets of 
paper.
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As can be seen in Table 12, even though there were more books being analyzed in this 
research (Dowd), the Kozak research actually accounted for approximately double the 
length of text. This was due to the fact that the Kozak study looked at textbooks, while 
this research looked at mass market popular fiction, which tended to be significantly 
shorter in length. In order to compensate for this, all the Kozak data points related to 
paper were multiplied by a factor of 1/2 (See Figure 19)(See appendix F for tables of the 
data).
Figure 19. Conversion Equations
3 YEAR: Dowd Data  =  Kozak Data / 2
1 YEAR: Dowd Data  =  (Kozak Data / 2) / 3
In addition to these adjustments, an EOL was conducted based on data provided in the 
Kozak report in order to provide a more accurate comparison between the products. For a 
full breakdown of the EOL data output by SimaPro, see Appendix G.
Kozak Dowd
# Books 40 60
# Pages 500 350
# Words/pg 534 250
total word count 10,680,000 5,250,000
in2 of paper 700,000 330,750
Table 12. Breakdown of components of the books read in Kozak & Dowd 
research.
64
7.3 Scenarios
In order to fully understand and compare the results of the Kozak study and this research, 
8 different scenarios were constructed to provide data points (Table 13). Scenarios 1 - 4 
look at the full life span of the Kindle in comparison to the printed book, and so the 
results are only modified by the 1/2 factor discussed above. For Scenarios 5 - 8 however, 
consider the impacts for only a single year.
Because of this, both the Kindle and the printed data needed to be modified. For the 
Kindle, the only portion of the analysis that was time sensitive was the electricity during 
the use phase, so the values for this portion were divided by a factor of 3. For the Kozak 
model the values were first multiplied by the equalizing 1/2 and then divided by 3 to get a 
single year value.
Scenario # of Readers
Kindle Life 
Examined
1 1 3 years
2 2 3 years
3 4 3 years
4 8 3 years
5 1 1 year
6 2 1 year
7 4 1 year
8 8 1 year
Table 13. Summary of scenarios for Kozak/Dowd sensitivity analysis.
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In addition, a sensitivity analysis was performed based on the number of books the 
primary user purchased versus borrowed from another user. In this situation, the impacts 
of the printed book would remain the same, as the overall number of books would not 
change, but the Kindle impacts would be multiplied, because for every book borrowed, 
another Kindle must be produced.
As discussed above, scenarios 1 - 4 compared the Kindle and the printed book over a 
three-year life span. The independent variable in this sensitivity analysis was the number 
of books purchased by the primary user versus borrowed from another reader. Three areas 
of impact were examined when looking at the effect of these scenarios: Global Warming 
Potential, Ozone Depletion, and Terrestrial Acidification. These areas were selected 
because they were the primary impact examined in the Kozak (2003) study, and are the 
limiting factor in this comparison.
When looking at the results, the values are based on the overall impact, not the impact per 
user. This means that the printed book impact stays consistent as it is always based on 60 
books. The Kindle on the other hand, must be multiplied by the number of readers, as 
each reader of a book affects the number of Kindles in use and thus the overall impact.
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7.3.1 Global Warming Potential
The Global Warming Potential (GWP) is an index used for measuring various greenhouse 
gases (GHGs) by multiplying them by a common ratio to put them in a comparable unit. 
In this case, kg of CO2 equivalent. Each GHG is measured by how much impact it has in 
comparison to carbon dioxide, which would have a GWP of 1.0. For example, Methane 
has a GWP of 23, meaning that one kg of methane is the equivalent of 23 kg of carbon 
dioxide.
When looking at a one on one comparison, such as scenario 1 (1 Reader), the printed 
book had a much greater GWP than the Kindle with approximately 151 and 22 kg CO2 
eq. respectively. As the number of readers increased, the Kindle impacts increased, since 
the more users share a single book, the more Kindles must be included in the impacts. As 
the number of readers increased, the Kindle impacts continued to rise. The intersection 
point for the Kindle and printed books fell slightly before 8 Readers where the Kindle hit 
178 kg CO2 eq. (Figure 20). 
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Figure 21 took this sensitivity analysis a step further and broke down the Kindle and 
printed book impacts over a single year instead of 3 years. While the printed book started 
again with a greater GWP, the breakeven point happens at approximately 2 readers, much 
sooner than in the 3 year timeline.
7.3.2 Ozone Depletion
Ozone Depletion, which is caused by chemicals such as chlorofluorocarbons (CFC), is an 
important impact to consider as it directly affects the ozone layer and the amount of 
ultraviolet (UV) radiation the makes it through the stratosphere. Increased amounts of 
UV light passing through the ozone can cause genetic damage, skin cancer, eye damage, 
and more. This impact is measured in ODP, or ozone depletion potential, which converts 
the various chemicals into a similar mass of CFC-11.
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For the printed versus Kindle comparison, the difference in the impact was so great that 
even the variation of scenarios did not bring the two products closer together. The Kindle 
by far had the largest impact on ozone depletion, as can be seen in figure 22, whereas the 
printed book impact was so small it wasn’t even visible on the graph.
Although the impact of the Kindle was also small it is important to remember that CFC 
molecules can remain in the stratosphere for over 100 years, and during that time, each 
CFC molecule can convert 100,000 O3 molecules into O2, damaging the ozone (Global 
Environment, 2002).
When the data is recalculated for the 1 year comparison, the difference was still so great 
between the Kindle and the printed book that the graph and values were nearly identical 
(see figure 23).
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7.3.3 Terrestrial Acidification
The final area of comparison is Terrestrial Acidification, which is the process in which air 
pollution is converted into acid substances which then contaminate the soil and water. 
Negative effects of this process include damage to plant and animal life, eutrophication, 
and the release of heavy metals into groundwater. As with GWP and Ozone Depletion, 
the various chemicals which affect this area are multiplied by a conversion factor so they 
are easily compared. In this case, they are all converted into kg of sulfur dioxide (SO2) 
equivalents.
As with the Global Warming Potential, when looking at a one-on-one scenario the Kindle 
comes out on top with only 0.08 kg SO2 eq compared to the printed book at 0.55 kg SO2 
eq. (see figure 24). But just as before, as the number of readers increased, the Kindle’s 
impact rose. The breakeven point between the two fell slightly before the 8 readers mark, 
where the Kindle’s impact hit 0.63 kg SO2 eq, passing the printed book’s impact of 0.55 
kg SO2 eq.
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When terrestrial acidification was broken down to the 1 year comparison, the result was 
the same as the GWP impacts (see figure 25). The breakeven point shifted from the upper 
end of the scenarios down to around 2 readers.
7.4 Conclusions
Before interpreting the results of these graphs, it is important to keep in mind that with 
only 4 data points to work with there was a large degree of uncertainty. The emphasis 
should be placed more on the existence of a breakeven point than on the actual value of 
this point.
Looking at these various impact areas, it can be seen that in a one-on-one comparison 
between the Kindle and the printed book, the Kindle comes out on top. However, the 
more the eBook is shared among users, the higher its impact became. The only area 
where this deviated was in the Ozone Depletion category, where the Kindle impacts were 
much higher than the printed book for every scenario.
71
In the sensitivity analysis for a 1 year scenario versus a 3 year scenario, it is interesting to 
note that the breakeven point shifts to the left, indicating that it would require less eBooks 
to be shared between readers for the impacts to be the same. Overall though, these 
sensitivity tests indicate that there is no one answer as to which form of reading is 
superior in terms of reduced environmental impacts. It depends on how many books are 
read, how many are shared versus owned by a single user, and what sort of lifespan the 
device has.
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Chapter 8
Discussion and Conclusions
8.1 Introduction
As was discussed in Chapter 3 (“Research Objectives), this thesis had 4 primary goals. 
First, an LCA was conducted for a Kindle, using SimaPro software and the Kindle 
Graphite. Second, results from an existing study, Kozak (2003), were adapted and scaled 
to a matching functional unit. The final two goals included determining the level of 
availability of information and data on these types of LCAs, and to integrating consumer 
behavior to determine if there were particular scenarios where an eReader or a printed 
book might be a more ecologically friendly choice.
8.2 Kozak Conclusions
In the Kozak research, the printed book was compared to a REB 1100 eReader, an older 
eReader device with a more limited storage capacity than the Kindle. Figures 25 - 27 
show the summarized results for the REB 1100 and the printed book in terms of Global 
Warming Potential, Ozone Depletion, and Terrestrial Acidification. It is important to note 
that an EOL scenario for the printed book was calculated separately in the Dowd (2012) 
research and was added on to the Kozak (2003) data to get a more accurate comparison to 
the eReader, which did have an EOL scenario associated with it. For the raw data 
associated with this EOL, see Appendix G.
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As can be seen above, the printed book with the EOL scenario greatly outweighed the 
eReader in the areas of Global Warming Potential and Terrestrial Acidification. This was 
due primarily to electricity generation during manufacturing and fuel associated with 
transportation. For Ozone Depletion on the other hand, both the eReader and the printed 
book had about the same impact. For the printed book, this impact primarily occurred in 
the manufacturing stage, whereas with the eReader it was in the material production and 
use phases.
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8.3 Old vs. New Research
In order to understand how the different eReaders affect the outcome of the comparison, 
figures 29 - 31 place the Kindle, printed book, and REB 1100 side by side. All the Kozak 
data (the printed book and the REB 1100) were multiplied by the 1/2 factor in order to 
make an accurate comparison. The printed book values also included the EOL 
calculations as both the Kindle and the REB 1100 had EOL data in their results.
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As can be seen from figures 29 & 31, the printed book is the primary product with an 
impact, the REB 1100 was next, and then finally the Kindle. This is not surprising as the 
REB 1100 was an outdated device, and many technological and environmental 
developments have occurred since its production. The only area in which the Kindle 
consistently ranked higher than both the printed book and the REB 1100 was in ozone 
depletion.
The question remains, why was ozone depletion so much worse for the Kindle than the 
printed book and the other eReader, especially when other areas of impact showed the 
opposite results? The manufacturing phase was the primary area that affected the raw 
data (see Appendix E) for the Kindle. Within this area the CFC -22, -12, and -10 were the 
largest contributors to ozone depletion. The REB 1100 showed two areas of contribution, 
first the use phase, which was due to personal transportation, and second the material 
production phase. The primary chemical contributors were Bromomethane and 
trichloroethane (Kozak 2003).
76
A deeper look into the data for both eReaders revealed where the difference lay. For the 
REB 1100 the primary impacts came from material production (halon emissions) and the 
use phase (electricity generation). These together account for 99 percent of the 4.5E-06 
kg CFC-11 eq. For the Kindle, the primary area of impact was in the manufacturing 
phase. This was due almost completely to tetrafluroethylene, which appeared in the 
manufacturing of the battery. This stage released large quantities of CFCs into the 
atmosphere and was the primary reason that the Kindle scored so much higher.
In order to confirm this conclusion, a secondary analysis was run on the Kindle, 
excluding the battery. With the battery excluded from the analysis, the total ozone impact 
for the Kindle dropped to 9.71E-07, much lower than the 1.14E-06 of the REB 1100. This 
means that although the Kindle has improved over the REB 1100 in some areas, others, 
such as the battery, have gotten worse. An analysis on the REB 1100 with no battery was 
attempted, but not enough information was provided in the Kozak research to determine 
what impacts were directly related to the battery.
This was due to a number of factors. First, the values being reported are very small, thus 
small changes in the amounts can appear more important than they are (Thorn, 2012). 
Second, the number of options for data in SimaPro for Lithium Ion batteries was very 
limited, and, because the Kozak research used a different data source (EPA, and others), 
the data may not be completely comparable. In addition, the Kozak research had a NiMH 
battery, while the Kindle used a Lithium Ion unit. This called for different materials and a 
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different manufacturing process. Overall, more research needs to be done on batteries for 
electronic devices in order to better determine why these two devices vary so much.
8.4 Overall Conclusions
In the end, it appeared that on a case-by-case basis, the Kindle, based on general 
consumer habits of 60 books a year, had less environmental impact. However, an 
increased amount of shared printed books, either among readers or through a resale store, 
could switch the results in favor of the printed book. The outcome depended on how 
many books a person reads and how many people they share them with. Looking at the 
REB 1100 results, it was clear that some progress has been made in reducing the 
environmental impact of an eReader. Perhaps in the future even more progress will be 
made, and the eReader will win out over the printed book.
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Appendix A
Bill of Materials
(A) Case Back
(B) Part 10351
(C) Keyboard Cover
84
(D) Case Front
(E) eInk Screen
(F) Copper Wire
85
(G) Metal Covers
(H) Motherboard
(I) Plastic Cover
86
(J) Support Panel
 (Ja) Speakers
87
(K) Screws
(L) Internal Components
(M)Miscellaneous Components
(N) Charger
88
(O) Instruction Manual
(P) Inner Packaging
(Q) Outer Box
(R) Battery
(S) Paper Wrapper
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Appendix B
Vehicle Emissions Calculations
According to the Department of Transportation (DOT), in 2007 there were 255.4 million 
registered passenger vehicles. Also on the DOT website it states that the average driver 
drives approximately 13,500 miles per year (DOT, 2011). This data, along with the 
knowledge that a car releases an average 1.2g per mile of VOC and 0.6 g of NOx, means 
that the amount of metric tons per hour of vehicle emissions can be calculated (ESA21, 
2011).
VOC Calculation
• 255.4 million cars * 13,500 miles/year = 3,447,900,000,000 miles/year total
• 3.5 trillion miles/year total * 1.2 g/miles = 4,137,480,000,000 g VOC released per year
• 4.1 trillion g / 1,000,000g/ton = 4,137,480 tons/year
• 4,137,480 tons/year / 365 days per year = 11,335 tons/day
• 11,335 tons/day / 24 = 472 tons/hour of VOC released
NOx Calculation
•255.4 million cars * 13,500 miles/year = 3,447,900,000,000 miles/year total
• 3.5 trillion miles/year total * 0.6 g/miles = 2,068,740,000,000 g VOC released per year
• 2.1 trillion g / 1,000,000g/ton = 2,068,740 tons/year
• 2,068,740 tons/year / 365 days per year = 5,667 tons/day
• 5,667 tons/day / 24 = 236 tons/hour of VOC released
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This means that every hour of driving by vehicles in the U.S., there are 520 tons of 
VOCs released into the atmosphere. This can then be used to calculate the other types of 
emissions related to this work.
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Appendix C
Kozak Adjustment Calculations
Original EOL (adjusted) Adjusted + EOL
Climate Change
Ozone Depletion
Terrestrial 
Acidification
218 6.2894465 151.2894470
1.04E-06 5.17E-08 5.46E-07
1.09 0.003057055 0.546529
The above “original”values were extracted directly from the Kozak paper. The End of 
Life values were calculated in SimaPro using the parameters as defined by Kozak, and 
then multiplied by the adjustment factor of 1/2 to allow for comparison to the Kindle 
data. The final value, which was the data used for all the comparison graphs in this study, 
was the Kozak data (multiplied by the conversion factor) plus the End of Life adjusted 
data.
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Appendix D
Scenario Calculation Breakdowns
3 YEAR
Climate 
Change
Ozone 
Depletion
Terrestrial 
Acidification
1 YEAR
Climate 
Change
Ozone 
Depletion
Terrestrial 
Acidification
Scenario 1 Scenario 2 Scenario 3 Scenario 4
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
22.2717240 151.2894470 44.54345 151.2894470 89.086896 151.2894470 178.1737920 151.2894470
3.800000E-05 5.458500E-07 0.000076 5.458500E-07 0.000152 5.458500E-07 0.0003040 5.458500E-07
0.0795763 0.546529 0.159153 0.546529 0.3183053 0.546529 0.6366107 0.546529
Scenario 5 Scenario 6 Scenario 7 Scenario 8
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
DOWD KOZAK 
adjusted
21.846432 38.429816 43.69286 38.429816 87.385728 38.429816 174.771456 38.429816
3.800000E-05 1.819500E-07 0.000076 1.819500E-07 0.000152 1.819500E-07 0.000304 1.819500E-07
0.0766881 0.182176 0.153376 0.182176 0.3067525 0.182176 0.613505 0.182176
The Kozak adjusted values were taken from the calculations for Kozak + EOL adjusted, 
as shown in Appendix C. In order to determine Scenario 2 the Kindle values were 
multiplied by 2. Scenario 3 involved multiplying the Kindle data by 4. Scenarios 4 
through 6 involved taking the values from the scenario above it and dividing by 3 for the 
Kozak data. For the Kindle, only the electricity consumed during the use phase was time 
dependent and so the values were adjusted in SimaPro and the final data inputed into the 
chart.
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Appendix E
Raw Kindle Inventory Data
Substance Unit Total Kindle w/ packaging
Container 
ship I
Transport, 
freight, rail
Delivery 
van
EOL for 
Kindle
Use Phase 
electricity
1-Butanol µg 112.45496 112.45496 x 6.15E-08 x 3.23E-08 6.46E-08
1-Butanol µg 72.108999 72.093567 x 0.005651217 x 0.00327398 0.006506493
1-Propanol ng 8.96E+01 8.79E+01 x 1.45E+00 x 2.73E-02 1.63E-01
1,4-Butanediol mg 3.63E+01 3.63E+01 x 1.98E-08 x 1.04E-08 2.09E-08
1,4-Butanediol mg 1.45E+01 1.45E+01 x 7.93E-09 x 4.17E-09 8.34E-09
2-Propanol mg 3.00E+01 3.00E+01 x 3.06E-04 x 1.94E-04 3.83E-04
2,4-D µg 4.67E+00 4.66E+00 x 3.48E-03 x 2.98E-04 6.85E-03
4-Methyl-2-
pentanone µg 1.11E+00 7.70E-03 x 5.27E-06 x 3.55E-07 1.10E+00
Acenaphthene ng 5.27E+01 8.69E+00 x 1.29E-01 x 1.68E-03 4.39E+01
Acenaphthene ng 1.32E+02 1.23E+02 x 3.71E+00 x 2.82E-01 4.73E+00
Acenaphthylen
e µg 1.27E+01 1.27E+01 x 2.32E-04 x 1.77E-05 2.96E-04
Acetaldehyde mg 2.75E+00 2.58E+00 0.003395 5.35E-02 x 1.27E-02 9.37E-02
Acetaldehyde mg 1.49E+00 1.49E+00 x 1.03E-05 x 5.98E-06 1.19E-05
Acetic acid mg 2.99E+01 2.91E+01 0.03601 7.94E-02 x 4.76E-03 6.98E-01
Acetic acid mg 2.11E+01 21.109278 x 0.0009122 x 1.97286E-04 0.000640227
Acetone mg 4.19E+00 4.0842642 0.0032165 0.016343392 x 5.32085E-04 0.083530979
Acetone µg 2.64E+00 0.018362196 x 1.26E-05 x 8.46E-07 2.6232226
Acetonitrile µg 1.39E+01 13.830586 x 0.010373778 x 8.85775E-04 0.020421416
Acidity, 
unspecified mg 1.96E+00 1.8960549 0.0059889 0.000271692 x 0.000118585 0.055641991
Acids, 
unspecified µg 2.32E+01 23.180555 x x x x x
Aclonifen µg 2.32E+00 2.2603838 x 0.048416183 x 3.99471E-04 0.011733848
Acrolein µg 3.42E+01 9.1294919 0.0019371 0.017450072 x 0.00461785 24.999696
Acrylate, ion µg 1.15E+01 11.469699 x 0.001890287 x 0.001187938 0.002348494
Acrylic acid µg 4.85E+00 4.8461775 x 0.000798684 x 5.01927E-04 0.000992285
Actinides, 
radioactive, 
unspecified
mBq 1.69E+02 1.3252886 x 0.014215536 x 4.81241E-04 167.86175
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Actinides, 
radioactive, 
unspecified
mBq 1.18E+02 115.32895 x 2.3741837 x 0.06154124 0.51865416
Aerosols, 
radioactive, 
unspecified
mBq 3.34E+01 15.967412 x 0.34640858 x 0.00769232 17.091489
Air g 9.51E+00 9.50916 x x x x x
Aldehydes, 
unspecified mg 1.37E+00 1.2716996 3.79E-05 0.000808361 x 5.27E-05 0.09770366
Aldrin ng 3.22E+02 321.59193 x 0.020854672 x 0.01291269 0.025551438
Aluminium 
waste mg 6.73E+01 67.25 x x x x x
Aluminium, 
24% in bauxite, 
11% in crude 
ore, in ground
g 2.57E+01 25.502998 x 0.1057805 x 0.001179396 0.04033688
Aluminum mg 916.11564 854.10078 0.3743816 3.0902716 x 0.41032088 58.139882
Aluminum g 19.377569 17.348233 0.0116345 0.074858293 0.00122779 1.4853919 0.45622311
Aluminum mg 22.702017 21.988295 x 0.33174065 x 0.01878406 0.36319695
Americium-24
1 µBq 3.7879729 3.7879729 x x x x x
Americium-24
1 µBq 499.0504 499.0504 x x x x x
Ammonia mg 759.29141 736.21665 0.0661082 1.7035532 0.00819871 0.6271453 20.669761
Ammonia, as N mg 4.7717061 4.7717061 x x x x x
Ammonium 
carbonate µg 3.607738 3.5927513 x 0.006911703 x 0.00216605 0.005908989
Ammonium, 
ion g 1.9964802 1.7259916 x 0.000218165 0.00551247 0.25972127 0.005036681
Anhydrite, in 
ground µg 475.2926 474.63874 x 0.21671209 x 0.19560774 0.24153604
Animal matter pg 0.040096 0.040096 x x x x x
Antimony mg 2.3569494 2.352781 8.89E-05 0.001042391 x 5.17E-05 0.002985374
Antimony g 2.5298405 2.5285067 1.71E-07 3.33E-05 x 0.001186511 0.000113867
Antimony µg 1.691986 1.6919317 x 1.01E-05 x 2.89E-05 1.53E-05
Antimony-122 µBq 196.75544 194.5897 x 1.6766189 x 0.19931417 0.28980347
Antimony-124 nBq 536.6252 531.25333 x 4.1586692 x 0.49437692 0.71882569
Antimony-124 mBq 25.79524 25.272281 x 0.42027436 x 0.01647636 0.086208206
Antimony-125 µBq 5.0267264 4.9706664 x 0.043399207 x 0.00515924 0.00750155
Antimony-125 mBq 24.408989 23.937015 x 0.38427835 x 0.015181116 0.072514588
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AOX, 
Adsorbable 
Organic 
Halogen as Cl
mg 19.855174 19.840533 9.82E-05 0.001307805 0.00989276 4.72E-05 0.003294862
Argon-41 Bq 8.9033861 8.7081247 x 0.17583645 x 0.00297703 0.016447882
Argon, in air mg 4.7075 4.7075 x x x x x
Arsenic mg 15.432317 15.323326 0.0009033 0.012290452 x 0.0005016 0.095296476
Arsenic µg 10.052201 9.7703363 x 0.13011445 x 0.00722499 0.14452565
Arsenic, ion mg 120.78347 119.36303 0.0235028 0.14257597 0.00443246 0.20935827 1.0405686
Arsine pg 56.515341 56.488614 x 0.009309713 x 0.00585063 0.011566404
Asbestos pg 0.0147612 0.0147612 x x x x x
Atrazine ng 84.382246 84.366684 x 0.005471032 x 0.00338753 0.006703186
Barite mg 273.13411 265.60454 1.7642846 2.7681909 x 0.11621162 2.8808788
Barite, 15% in 
crude ore, in 
ground
g 3.0881066 2.9708001 x 0.052144859 x 0.00370006 0.061461588
Barium mg 2.7237738 2.6411429 0.0046082 0.011735383 x 0.00515175 0.061135584
Barium mg 282.18559 168.77692 0.999615 1.5090453 6.5504545 27.66837 76.681184
Barium mg 7.1834134 6.8478511 x 0.14900277 x 0.00851997 0.17803956
Barium-140 µBq 327.30055 323.65393 x 2.8230539 x 0.33560079 0.48796468
Barium-140 µBq 852.24861 842.76154 x 7.3444812 x 0.8731019 1.2694931
Baryte, in 
ground mg 336.46238 327.92631 8.5360736 x x x x
Basalt, in 
ground g 3.549593 3.5344425 x 0.007344734 x 3.56605E-04 0.007449205
Bauxite, in 
ground mg 192.75412 74.6477 118.10643 x x x x
Benomyl ng 29.64431 29.57656 x 0.022184213 x 0.00189422 0.04367098
Bentazone µg 1.1844971 1.1535954 x 0.024709382 x 2.03871E-04 0.005988414
Benzal chloride pg 186.7482 1.2981184 x 0.000888765 x 5.98E-05 185.44914
Benzaldehyde µg 4.5350176 4.5245215 0.0006652 0.005117831 x 0.00232968 0.002383469
Benzene mg 67.794782 53.276081 0.0742407 0.81151606 7.4684951 0.02835929 6.1360902
Benzene mg 23.751137 23.195515 0.0043633 0.04743524 x 0.00517449 0.49864906
Benzene, 1,4-
dichloro- µg 13.486194 13.479322 x 0.002666033 x 0.00140171 0.002804643
Benzene, 
chloro- µg 278.47199 278.33008 1.34E-07 0.055049707 x 0.02894323 0.057911795
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Benzene, ethyl- µg 723.48362 661.71401 23.822865 13.074202 x 1.2223598 23.650184
Benzene, ethyl- µg 610.7995 551.7142 0.6740442 14.325778 x 1.0897512 42.99573
Benzene, 
hexachloro- µg 1.210735 1.1127105 x 0.048543951 x 0.03644001 0.013040482
Benzene, 
pentachloro- µg 1.5634572 1.473585 x 0.000211857 x 0.08954602 0.000114335
Benzo(a)pyren
e µg 105.5068 104.01143 0.0278052 1.2170035 x 0.0235071 0.2270563
Beryllium µg 15.211422 11.97671 0.0470007 0.11494656 x 0.01242138 3.0603434
Beryllium mg 14.452088 14.331657 6.02E-07 0.013590902 x 0.04100009 0.065839591
Biomass mg 9.0682 9.0682 x x x x x
BOD5, 
Biological 
Oxygen 
Demand
g 23.104064 18.708258 2.62E-05 0.13693495 0.00022647 4.0433301 0.21528849
Borax, in 
ground µg 207.64198 196.89813 x 0.53327258 x 0.02694215 10.183638
Boric acid µg 2.8587229 2.8587229 x x x x x
Boron mg 37.242643 36.577939 0.0345557 0.47753482 x 0.08047889 0.072134349
Boron g 2.9322758 2.9251789 1.66E-05 0.002134807 x 0.00100253 0.00394293
Boron µg 477.52776 468.86478 x 3.8576531 x 0.46456031 4.3407649
Boron 
trifluoride mg 19.1556 19.1556 x 1.27E-13 x 8.01E-14 1.58E-13
Bromate mg 24.322412 24.25726 x 0.004953192 x 0.04758652 0.012612909
Bromine mg 22.424168 22.344368 0.0145228 0.05246661 x 0.00691643 0.005893375
Bromine g 3.7499681 3.6869005 x 0.000470551 x 0.00530738 0.057289658
Butadiene ng 210.86284 210.82613 x 0.016412134 x 0.00590004 0.014392976
Butane mg 60.236023 55.79556 0.2023037 0.78415653 x 0.05864201 3.3953606
Butene mg 1.1977502 1.1669614 0.0009684 0.012674166 x 0.00121252 0.015933676
Butene mg 1.5091169 1.5091021 x 9.50E-06 x 1.10E-06 4.27E-06
Butyl acetate µg 41.867008 41.846947 x 0.007346499 x 0.00425613 0.008458346
Butyrolactone mg 10.497569 10.497569 x 5.74E-09 x 3.02E-09 6.03E-09
Butyrolactone mg 25.194624 25.194624 x 1.38E-08 x 7.24E-09 1.45E-08
Cadmium mg 5.1718719 5.153932 0.0001489 0.002834789 0.00440859 3.29872E-04 0.010217718
Cadmium µg 5.6695508 5.632332 x 0.029392622 x 0.0017443 0.006081861
Cadmium-109 nBq 16.493946 16.493946 x x x x x
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Cadmium, 
0.30% in 
sulfide, Cd 
0.18%, Pb, Zn, 
Ag, In, in 
ground
mg 9.7798882 9.7668549 x 0.006162593 x 0.00134356 0.005527121
Cadmium, ion mg 72.223145 67.556258 0.0006346 0.03390349 0.00283662 4.5872426 0.042269617
Calcite, in 
ground g 275.07304 264.14473 x 5.9815913 x 0.45073267 4.4959877
Calcium mg 41.488175 37.425251 0.0582726 0.3083727 x 0.35398926 3.3422897
Calcium mg 118.7067 115.47567 x 1.6488039 x 0.07887907 1.5033523
Calcium 
compounds, 
unspecified
mg 11.974744 1.15699 10.817754 x x x x
Calcium 
sulfate, in 
ground
µg 1.39414 1.39414 x x x x x
Calcium, ion g 133.26251 130.33515 x 0.24191352 x 1.6201148 1.0653341
Carbetamide µg 4.4534506 4.4412758 x 0.008809588 x 7.91E-05 0.003286134
Carbofuran µg 16.252139 16.214996 x 0.01216223 x 0.00103848 0.023942094
Carbon mg 755.09022 753.00062 x 0.92036171 x 0.0664571 1.1027827
Carbon-14 Bq 80.509621 78.517005 x 1.4931671 x 0.0466964 0.45275226
Carbon-14 mBq 25.253153 25.253153 x x x x x
Carbon dioxide oz 50.756574 10.699723 34.013642 x 6.0432097 x x
Carbon 
dioxide, 
biogenic
g 430.8509 393.1497 x 1.5851856 x 35.772165 0.3438447
Carbon 
dioxide, fossil oz 336.33694 310.85674 x 2.9496918 x 1.4866244 21.043883
Carbon 
dioxide, in air g 917.04173 913.84923 x 1.7649149 x 0.02961992 1.397959
Carbon 
dioxide, land 
transformation
mg 457.79267 453.02403 x 3.7909408 x 0.06009175 0.91760528
Carbon 
disulfide mg 341.4003 341.14863 x 0.14062645 x 0.0063804 0.10465854
Carbon 
monoxide g 6.4680094 0.38121967 2.845284 x 3.2415058 x x
Carbon 
monoxide, 
biogenic
mg 236.42257 231.17212 x 0.30964168 x 4.8174252 0.12338934
Carbon 
monoxide, 
fossil
g 8.057589 7.5250405 x 0.24597127 x 0.01208251 0.27449475
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Carbon, in 
organic matter, 
in soil
mg 20.528557 20.481641 x 0.015362473 x 0.00131174 0.030241967
Carbonate mg 74.103043 73.6663 x 0.031030759 x 0.00287827 0.4028341
Carboxylic 
acids, 
unspecified
mg 92.173576 86.113666 x 2.5826789 x 0.18383569 3.2933955
Cerium-141 µBq 79.167043 78.28302 x 0.68437212 x 0.08135722 0.11829368
Cerium-141 µBq 340.02871 336.23562 x 2.9364436 x 0.34908041 0.50756409
Cerium-144 µBq 40.285204 40.285204 x x x x x
Cerium-144 mBq 11.527553 11.526398 x 0.000893949 x 1.06271E-04 0.000154519
Cerium, 24% 
in bastnasite, 
2.4% in crude 
ore, in ground
g 1.930578 1.930578 x x x x x
Cesium µg 24.313706 22.882931 0.0280565 0.59684791 x 0.04540132 0.76046963
Cesium-134 µBq 147.72315 147.68081 x 0.032777024 x 0.00389649 0.005665506
Cesium-134 mBq 42.682707 42.291677 x 0.32171848 x 0.00769617 0.06161608
Cesium-136 µBq 60.288074 59.614875 x 0.52116142 x 0.06195496 0.090082717
Cesium-137 µBq 345.01615 344.26561 x 0.58103007 x 0.06907206 0.10043101
Cesium-137 Bq 13.923058 13.582602 x 0.27358338 x 0.00716769 0.059704446
Chemical 
waste, inert mg 93.110852 93.110852 x x x x x
Chemical 
waste, 
regulated
mg 275.03935 275.03935 x x x x x
Chlorate mg 195.29388 194.77979 x 0.039657828 x 0.36357173 0.11086918
Chloride g 119.18161 103.59791 0.0915765 0.55345285 1.3731823 1.8788615 11.686634
Chloride mg 705.793 697.47658 x 4.8986201 x 1.1566971 2.2611059
Chlorinated 
fluorocarbons, 
hard
µg 28.35 28.35 x x x x x
Chlorinated 
fluorocarbons, 
soft
ng 1.1294508 1.1294508 x x x x x
Chlorinated 
solvents, 
unspecified
mg 8.4855981 8.4854181 x 3.59E-05 x 1.06997E-04 3.72E-05
Chlorine mg 2.8245 2.8245 x x x x x
Chlorine mg 132.08971 131.91216 x 0.025772388 x 0.00734793 0.14443286
Chlorine mg 1.4993516 1.4915377 x 0.000963968 x 2.09902E-04 0.006640023
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Chloroform mg 113.74813 113.73972 x 1.88E-05 x 1.17E-06 0.008390387
Chloroform µg 79.209044 79.20874 x 0.000106187 x 6.64E-05 0.000131304
Chlorosilane, 
trimethyl- ng 87.102057 87.060865 x 0.014348232 x 0.00901705 0.01782627
Chlorothalonil mg 3.9769799 3.9757596 x 6.34E-05 x 6.87E-06 0.001150121
Chromium mg 9.4053383 9.1104563 0.0020913 0.17533184 x 0.0043865 0.11307235
Chromium µg 175.37177 24.364138 117.16688 x 33.840759 x x
Chromium µg 132.79578 128.9998 x 1.8463783 x 0.10051612 1.849087
Chromium-51 µBq 5.7857686 5.7291206 x 0.043854444 x 0.00521336 0.007580238
Chromium-51 mBq 70.813923 69.926802 x 0.70159494 x 0.06648785 0.11903856
Chromium VI µg 284.73305 264.62613 x 4.7455679 x 0.12035476 15.240998
Chromium VI mg 52.457195 50.398677 2.79E-05 0.93026974 x 0.43828383 0.68993565
Chromium VI mg 1.8721802 1.8611722 x 0.004948158 x 0.00166257 0.004397248
Chromium, 
25.5% in 
chromite, 
11.6% in crude 
ore, in ground
g 2.7307646 2.6540435 x 0.04985812 x 0.00126638 0.025596582
Chromium, in 
ground mg 15.104568 15.021403 0.0831654 x x x x
Chromium, ion mg 1.6082767 1.4444727 x 0.005567609 x 0.00563561 0.1526008
Chrysotile, in 
ground mg 4.5041875 4.491954 x 0.000994737 x 0.00884496 0.002393784
Cinnabar, in 
ground µg 456.79475 455.64911 x 0.086226218 x 0.83871533 0.22069816
Clay, bentonite, 
in ground g 1.3476429 1.2276376 0.0024108 0.065324223 x 0.00128564 0.050984661
Clay, 
unspecified, in 
ground
g 345.34956 343.07848 x 1.6323812 x 0.12709054 0.51160592
Coal tailings µg 1.018884 1.018884 x x x x x
Coal, 18 MJ 
per kg, in 
ground
g 17.969573 9.9302891 7.2884534 x 0.75083062 x x
Coal, 29.3 MJ 
per kg, in 
ground
g 4.236811 4.21335 0.023461 x x x x
Coal, brown, 
10 MJ per kg, 
in ground
g 5.4879154 5.4879154 x x x x x
Coal, brown, 8 
MJ per kg, in 
ground
g 8.9203011 7.8210989 0.1042321 x 0.99497017 x x
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Coal, brown, in 
ground g 919.20311 898.57966 x 18.52105 x 0.23189623 1.8705043
Coal, hard, 
unspecified, in 
ground
oz 65.136355 56.806276 x 0.50299477 x 0.00791695 7.8191667
Cobalt µg 547.60493 508.86544 0.8911763 6.0627478 x 0.15174983 31.633809
Cobalt mg 217.68414 215.14704 0.0232384 0.34510627 x 1.8357858 0.33297523
Cobalt µg 3.269463 3.2338545 x 0.029003402 x 0.0010919 0.005513165
Cobalt-57 nBq 0.34716683 0.34716683 x x x x x
Cobalt-57 mBq 1.9162124 1.8948425 x 0.016543629 x 0.00196668 0.002859565
Cobalt-58 µBq 12.807335 12.728451 x 0.061069125 x 0.00725981 0.010555794
Cobalt-58 mBq 359.99341 354.6489 x 4.2486777 x 0.30494682 0.79088885
Cobalt-60 µBq 70.971514 70.274641 x 0.5394889 x 0.0641337 0.093250622
Cobalt-60 mBq 415.95534 411.58576 x 3.4724781 x 0.26711302 0.62998941
Cobalt, in 
ground µg 31.110109 30.802529 0.0001654 0.2090093 x 0.011278112 0.087127955
COD, 
Chemical 
Oxygen 
Demand
g 61.424864 44.227929 0.0004022 0.15559031 0.00738199 16.77297 0.26058976
Colemanite, in 
ground g 4.5462264 4.5460497 x 1.93E-05 x 7.88E-05 7.86E-05
Compost ng 7.3139218 7.3139218 x x x x x
Construction 
waste µg 498.09081 498.09081 x x x x x
Copper mg 90.395533 90.176493 0.0038453 0.0817122 x 0.00250105 0.13098142
Copper mg 1.3594416 1.351728 x 0.003633137 x 0.001148269 0.002932229
Copper, 0.52% 
in sulfide, Cu 
0.27% and Mo 
8.2E-3% in 
crude ore, in 
ground
mg 2.167945 2.167945 x x x x x
Copper, 0.99% 
in sulfide, Cu 
0.36% and Mo 
8.2E-3% in 
crude ore, in 
ground
g 3.7918146 3.7894019 x 0.001334995 x 6.73E-05 0.001010407
Copper, 1.18% 
in sulfide, Cu 
0.39% and Mo 
8.2E-3% in 
crude ore, in 
ground
g 21.012427 20.999057 x 0.007398894 x 3.71341E-04 0.005600112
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Copper, 1.42% 
in sulfide, Cu 
0.81% and Mo 
8.2E-3% in 
crude ore, in 
ground
g 5.5738465 5.5702998 x 0.001962662 x 9.85E-05 0.00148551
Copper, 2.19% 
in sulfide, Cu 
1.83% and Mo 
8.2E-3% in 
crude ore, in 
ground
g 27.655352 27.637759 x 0.009733975 x 0.00049079 0.007369116
Copper, in 
ground g 2.3098825 2.3092661 0.0006163 x x x x
Copper, ion g 2.0691881 1.9210198 5.83E-05 0.000424541 1.06E-05 0.14650625 0.001168583
Crude oil mg 10.021057 0.013112097 10.007945 x x x x
Cumene mg 10.004134 9.9964132 x 0.003163684 x 9.57413E-04 0.00359959
Cumene mg 24.038715 24.021223 x 0.007602196 x 0.00230065 0.007588259
Curium-242 nBq 0.019877549 0.019877549 x x x x x
Curium-244 nBq 0.18046013 0.18046013 x x x x x
Curium alpha µBq 6.0126554 6.0126554 x x x x x
Curium alpha µBq 661.3921 661.3921 x x x x x
Cyanide mg 8.2644897 7.9185227 4.19E-05 0.00242335 x 0.13953645 0.20396529
Cyanide mg 17.051097 17.014492 0.0016235 0.016377413 0.00993663 6.27805E-04 0.008039732
Cyclohexane µg 101.20229 101.20229 x x x x x
Cypermethrin µg 2.5090644 2.5035192 x 0.001910593 x 1.48557E-04 0.003486025
Detergent, oil mg 2.5180386 2.5180386 x x x x x
Diatomite, in 
ground ng 215.29608 177.49476 x 3.4501064 x 0.52033693 33.830875
Dichromate µg 52.130996 51.79837 x 0.12939983 x 0.0886181 0.1146081
Diethylene 
glycol µg 202.198 202.198 x x x x x
Dinitrogen 
monoxide mg 310.53452 280.21667 0.1802695 2.2527853 11.691032 1.1342932 15.05947
Dioxins, 
measured as 
2,3,7,8-
tetrachlorodibe
nzo-p-dioxin
ng 9.5755539 8.697225 0.0005462 0.047768725 x 0.27924651 0.55076748
Dioxins, 
measured as 
2,3,7,8-
tetrachlorodibe
nzo-p-dioxin
pg 0.00064676 0.00064676 x x x x x
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DOC, 
Dissolved 
Organic 
Carbon
g 30.754954 15.699163 x 0.050669565 1.23E-05 14.944144 0.060964891
Dolomite, in 
ground mg 467.29482 451.80752 x 11.429326 x 0.21483861 3.8431339
Dust, 
unspecified mg 60.525 60.525 x x x x x
Energy, from 
biomass J 80.271813 80.271813 x x x x x
Energy, from 
coal kJ 2.8806412 2.8806412 x x x x x
Energy, from 
coal, brown J 0.058872624 0.058872624 x x x x x
Energy, from 
gas, natural kJ 10.237042 10.237042 x x x x x
Energy, from 
hydro power kJ 8.3985895 7.6456368 0.7529527 x x x x
Energy, from 
hydrogen J 0.1714308 0.1714308 x x x x x
Energy, from 
oil kJ 6.874242 6.874242 x x x x x
Energy, from 
peat J 0.25738062 0.25738062 x x x x x
Energy, from 
sulfur J 0.20930398 0.20930398 x x x x x
Energy, from 
uranium kJ 1.7555094 1.7555094 x x x x x
Energy, from 
wood J 0.016023366 0.016023366 x x x x x
Energy, 
geothermal J 14.440502 14.440502 x x x x x
Energy, gross 
calorific value, 
in biomass
MJ 10.087526 10.055205 x 0.016932208 x 3.05816E-04 0.015083196
Energy, gross 
calorific value, 
in biomass, 
primary forest
kJ 1.4232029 1.4199503 x 0.001065049 x 9.09E-05 0.002096614
Energy, kinetic 
(in wind), 
converted
kJ 379.69846 371.18398 x 7.6366966 x 0.10515967 0.77262026
Energy, 
potential (in 
hydropower 
reservoir), 
converted
MJ 5.2565126 5.179152 x 0.063299359 x 0.00261883 0.011442403
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Energy, 
potential, 
stock, in 
barrage water
Wh 592.63807 23.509045 x x 1.2123617 x 567.91667
Energy, 
recovered J -139.83772 -139.83772 x x x x x
Energy, solar, 
converted kJ 7.0989758 6.9701127 x 0.11279847 x 0.002112715 0.013951886
Energy, 
unspecified Wh 298.70096 108.159 190.54196 x x x x
Ethane mg 222.10434 215.52268 0.7162961 1.4127889 x 0.04926322 4.4033141
Ethane, 1,1-
dichloro- pg 0.25178874 0.25178874 x x x x x
Ethane, 1,1-
difluoro-, 
HFC-152a
µg 2.5594021 2.5124153 x 0.041557735 x 7.81346E-04 0.004647742
Ethane, 1,1,1-
trichloro-, 
HCFC-140
µg 1.6353675 0.012800838 x 0.000137224 x 4.65E-06 1.6224248
Ethane, 1,1,1-
trichloro-, 
HCFC-140
ng 48.666468 48.666468 x x x x x
Ethane, 
1,1,1,2-
tetrafluoro-, 
HFC-134a
mg 27.510779 27.501105 x 0.004929904 x 0.00141468 0.00332952
Ethane, 1,1,2-
trichloro-1,2,2-
trifluoro-, 
CFC-113
ng 230.10655 229.99773 x 0.037905212 x 0.02382129 0.047093501
Ethane, 1,2-
dichloro- mg 20.209999 20.20461 7.75E-05 0.001141665 x 1.24007E-04 0.004045164
Ethane, 1,2-
dichloro- µg 128.45199 127.24018 x 0.087480617 x 0.0038566 1.1204711
Ethane, 1,2-
dichloro-1,1,2,
2-tetrafluoro-, 
CFC-114
µg 72.467095 41.291243 x 0.61138891 x 0.02013095 30.544332
Ethane, chloro- pg 246.10711 246.10711 x x x x x
Ethane, chloro- pg 4.5691221 4.5691221 x x x x x
Ethane, 
dichloro- µg 1.9988432 1.9988432 x x x x x
Ethane, 
dichloro- µg 1.0710665 1.0323451 0.0387213 x x x x
Ethane, 
hexachloro- pg 22.843282 22.843282 x x x x x
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Ethane, 
hexafluoro-, 
HFC-116
µg 618.91432 615.39769 0.0964347 2.4654872 x 0.02370632 0.93100063
Ethanol mg 2.4973578 2.2881157 0.006428 0.023189901 x 4.19808E-04 0.17920438
Ethanol µg 80.267054 80.231547 x 0.013002947 x 0.00753326 0.014971074
Ethene mg 28.535262 28.282962 0.026263 0.1275342 x 0.00504394 0.093458783
Ethene mg 3.8826797 3.8761111 x 0.003036767 x 8.57257E-04 0.002674645
Ethene, chloro- mg 13.818894 13.817903 4.43E-05 0.000711947 x 6.25E-05 0.000172418
Ethene, chloro- µg 240.03944 240.02713 x 0.009325148 x 7.49735E-04 0.002232297
Ethene, 
tetrachloro- µg 63.62146 60.112443 x 0.000330023 x 1.07E-05 3.508676
Ethene, 
tetrachloro- ng 2.7126397 2.7126397 x x x x x
Ethene, 
trichloro- ng 178.64503 172.01755 6.627473 x x x x
Ethyl acetate mg 8.7027802 8.6985275 x 0.001557361 x 9.02238E-04 0.001793049
Ethyl acetate ng 999.15018 999.14779 x 0.000854647 x 5.13516E-04 0.001018085
Ethyl cellulose µg 17.601906 17.593587 x 0.002894873 x 0.00182214 0.00360193
Ethylene 
diamine µg 6.0094197 6.0091492 x 2.26E-05 x 3.32E-06 0.000244557
Ethylene 
diamine µg 14.56829 14.567635 x 5.48E-05 x 8.04E-06 0.000592865
Ethylene oxide µg 83.108034 83.015732 x 0.044184424 x 0.0123366 0.035780405
Ethylene oxide µg 11.891997 11.887055 x 0.001243896 x 0.00057003 0.003128743
Ethyne mg 17.41518 17.401473 0.000959 0.005680292 x 1.30207E-04 0.006937824
Europium, 
0.06% in 
bastnasite, 
0.006% in 
crude ore, in 
ground
mg 4.83678 4.83678 x x x x x
Fatty acids as 
C mg 15.710403 15.710403 x x x x x
Feldspar, in 
ground µg 636.32156 636.30058 x 0.013699284 x 0.001138168 0.00614104
Fenpiclonil µg 156.61085 156.56073 x 0.004163827 x 0.00028423 0.045672466
Ferromanganes
e ng 71.444 71.444 x x x x x
Fluoride g 6.8565868 6.8257507 2.93E-05 0.003998207 x 0.00691289 0.019895714
Fluoride mg 1.982183 1.9411818 x 0.018247602 x 0.00197601 0.020777664
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Fluorine mg 4.526584 3.8621939 x 0.043799714 x 0.00129673 0.61929359
Fluorine, 4.5% 
in apatite, 1% 
in crude ore, in 
ground
mg 238.85816 238.73889 x 0.051871416 x 0.00713398 0.060270704
Fluorine, 4.5% 
in apatite, 3% 
in crude ore, in 
ground
mg 106.42167 106.36457 x 0.026188905 x 0.0031679 0.027735852
Fluorspar, 
92%, in ground g 8.9970967 8.9788743 x 0.002201978 x 2.27779E-04 0.015792624
Fluorspar, in 
ground µg 106.36954 106.36954 x x x x x
Fluosilicic acid µg 703.86747 699.8803 x 2.8772423 x 0.025765117 1.0841625
Fluosilicic acid mg 1.2669614 1.2597845 x 0.005179036 x 4.64E-05 0.001951493
Formaldehyde mg 45.373801 44.575926 0.1698577 0.18945768 x 0.02467125 0.41388857
Formaldehyde mg 1.8202885 1.8188594 1.21E-06 0.000750172 x 1.23105E-04 0.000554606
Formic acid mg 3.1598585 3.1596415 x 7.12E-05 x 7.05E-06 0.000138814
Furan µg 26.327497 26.266921 x 0.019701815 x 0.00168226 0.039192012
Gadolinium, 
0.15% in 
bastnasite, 
0.015% in 
crude ore, in 
ground
mg 12.07128 12.07128 x x x x x
Gallium, 
0.014% in 
bauxite, in 
ground
ng 19.681925 19.320117 x 0.32008623 x 0.0060268 0.035694354
Gas, mine, off-
gas, process, 
coal mining/kg
mg 62.701627 62.701627 x x x x x
Gas, mine, off-
gas, process, 
coal mining/m3
dm3 17.126823 15.531781 x 0.1397343 x 0.00222625 1.4530817
Gas, natural, 
30.3 MJ per kg, 
in ground
g 51.015791 30.724363 20.291428 x x x x
Gas, natural, 
35 MJ per m3, 
in ground
dm3 44.833851 37.594382 3.9050586 x 3.3344099 x x
Gas, natural, in 
ground gal* 328.06067 304.15903 x 1.5304321 x 0.07455164 22.296649
Gas, off-gas, 
oil production, 
in ground
cm3 37.830713 10.558952 27.271761 x x x x
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Gas, 
petroleum, 35 
MJ per m3, in 
ground
cu.in 256.94503 256.94503 x x x x x
Glutaraldehyde µg 33.720144 32.790667 0.2177134 0.34175196 x 0.014347114 0.35566405
Glyphosate µg 167.65442 90.000087 x 71.843797 x 0.06702457 5.7435072
Gold, Au 
1.1E-4%, Ag 
4.2E-3%, in 
ore, in ground
µg 44.270518 44.262366 x 0.002838977 x 0.00178497 0.003528696
Gold, Au 
1.3E-4%, Ag 
4.6E-5%, in 
ore, in ground
µg 81.176523 81.161574 x 0.005205688 x 0.00327301 0.006470395
Gold, Au 
1.4E-4%, in 
ore, in ground
µg 97.199055 97.181155 x 0.006233178 x 0.00391903 0.007747509
Gold, Au 
2.1E-4%, Ag 
2.1E-4%, in 
ore, in ground
µg 148.45919 148.43185 x 0.009520386 x 0.00598582 0.011833333
Gold, Au 
4.3E-4%, in 
ore, in ground
µg 36.794725 36.787949 x 0.00235957 x 0.00148355 0.00293282
Gold, Au 
4.9E-5%, in 
ore, in ground
µg 88.128064 88.111835 x 0.005651473 x 0.00355329 0.007024479
Gold, Au 
6.7E-4%, in 
ore, in ground
µg 136.43656 136.41143 x 0.008749398 x 0.00550107 0.010875035
Gold, Au 
7.1E-4%, in 
ore, in ground
µg 153.84636 153.81803 x 0.009865854 x 0.00620303 0.012262732
Gold, Au 
9.7E-4%, Ag 
9.7E-4%, Zn 
0.63%, Cu 
0.38%, Pb 
0.014%, in ore, 
in ground
µg 9.2186643 9.2169666 x 0.000591174 x 3.71693E-04 0.000734798
Granite, in 
ground ng 957.7626 957.5201 x 0.053899893 x 0.003119854 0.18547705
Gravel, in 
ground oz 54.965566 48.101401 x 5.1966299 x 0.95502981 0.71250558
Gypsum, in 
ground mg 10.683405 10.664078 x 0.003818866 x 2.38263E-04 0.015269459
Heat, waste MJ 141.99306 133.24702 0.2164569 1.514928 x 0.7234977 6.2911571
Heat, waste MJ 15.406472 9.921475 0.0166376 0.073432652 x 2.8085362 2.5863903
Heat, waste kJ 288.32066 169.8928 0.0848297 0.59067566 x 117.09568 0.65667572
Helium mg 5.3178142 5.2550733 x 0.026537756 x 0.00589506 0.030308055
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Helium, 0.08% 
in natural gas, 
in ground
ng 483.08639 474.20722 x 7.8550702 x 0.14787682 0.87622055
Heptane mg 5.5495035 5.2416753 0.0096843 0.12670274 x 0.01212069 0.15932051
Hexane mg 24.328674 21.023598 0.020377 0.413367 x 0.02783742 2.8434947
Hydrocarbons, 
aliphatic, 
alkanes, cyclic
µg 191.62268 144.50188 x 0.075738722 x 0.01288962 47.032167
Hydrocarbons, 
aliphatic, 
alkanes, 
unspecified
mg 38.77226 37.250821 0.0468431 0.85426331 x 0.01548429 0.60484809
Hydrocarbons, 
aliphatic, 
alkanes, 
unspecified
mg 3.167427 2.9807299 0.0043437 0.077590228 x 0.00590217 0.098861052
Hydrocarbons, 
aliphatic, 
alkenes, 
unspecified
µg 63.179456 38.729648 24.449808 x x x x
Hydrocarbons, 
aliphatic, 
alkenes, 
unspecified
µg 38.034499 37.640103 0.3943961 x x x x
Hydrocarbons, 
aliphatic, 
unsaturated
mg 15.746655 15.592329 x 0.11598945 x 0.00163499 0.036701782
Hydrocarbons, 
aliphatic, 
unsaturated
µg 254.32606 237.49343 x 7.1621749 x 0.54481589 9.1256356
Hydrocarbons, 
aromatic mg 55.958017 26.657953 0.0001769 0.21855074 8.5186326 0.008289 20.554415
Hydrocarbons, 
aromatic mg 17.001513 14.039542 0.0227273 0.31936713 2.1896986 0.0241828 0.4059949
Hydrocarbons, 
chlorinated mg 10.416425 10.398321 x 0.00123117 1.77E-06 3.44E-05 0.016836614
Hydrocarbons, 
chlorinated µg 2.4544985 0.15641338 0.0336177 x 2.2644674 x x
Hydrocarbons, 
unspecified g 9.5227639 7.6183893 1.9043746 x x x x
Hydrocarbons, 
unspecified mg 26.433607 19.628606 6.6203792 0.069198059 x 0.00362295 0.11180042
Hydrogen mg 224.24141 223.36664 x 0.080565936 x 0.10385556 0.69034593
Hydrogen mg 8.7229859 0.010591875 8.7123941 x x x x
Hydrogen-3, 
Tritium Bq 580.00601 416.13521 x 8.2928245 x 0.20449188 155.37348
Hydrogen-3, 
Tritium Bq 32917.555 31327.244 x 625.94507 x 16.278985 948.08656
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Hydrogen 
chloride g 1.0636003 0.95516152 0.0031441 0.003687585 0.00069313 0.00215364 0.098760317
Hydrogen 
cyanide pg 2.36E-07 2.36E-07 x x x x x
Hydrogen 
fluoride mg 286.04755 271.92918 0.3315428 0.78050588 0.07242852 0.54709263 12.386794
Hydrogen 
peroxide mg 2.8226725 2.8226662 x 2.23E-06 x 1.35E-06 2.68E-06
Hydrogen 
peroxide mg 9.2981254 9.2979524 x 3.21E-05 x 1.28E-05 0.000128178
Hydrogen 
sulfide mg 31.796657 31.406241 0.0872083 0.23587078 x 0.00628295 0.061053705
Hydrogen 
sulfide mg 22.592403 9.9559285 0.0011978 0.021175173 x 12.491352 0.12274965
Hydroxide µg 362.45765 362.2425 x 0.099016139 x 0.03801592 0.078122625
Hypochlorite mg 2.8418908 2.5858678 x 0.031041552 x 3.75569E-04 0.22460592
Hypochlorous 
acid µg 133.79339 87.754302 46.039083 x x x x
Indium, 
0.005% in 
sulfide, In 
0.003%, Pb, 
Zn, Ag, Cd, in 
ground
µg 163.95777 163.72258 x 0.11861207 x 0.02269144 0.093888984
Iodide mg 5.8318854 5.6599298 0.0028061 0.06276133 x 0.00588354 0.10050459
Iodine mg 5.9258682 5.8896649 0.0048706 0.027833571 x 0.00032851 0.003170524
Iodine-129 mBq 73.904402 72.085514 x 1.461686 x 0.03788838 0.31931377
Iodine-129 mBq 72.151865 72.151865 x x x x x
Iodine-131 Bq 3.3138669 3.2213663 x 0.069266629 x 0.001117623 0.022116278
Iodine-131 mBq 5.4568079 5.3581189 x 0.080241414 x 0.00376003 0.014687585
Iodine-133 mBq 64.432467 0.58530875 x 0.00512182 x 4.59725E-04 63.841577
Iodine-133 µBq 546.28768 540.3319 x 4.6107021 x 0.54811397 0.79695955
Iodine-135 mBq 138.85717 0.38716039 x 0.003787644 x 1.26774E-04 138.46609
Iron mg 59.041323 46.89382 0.1627295 0.82408087 x 0.03229128 11.128401
Iron mg 25.073146 19.072248 3.6713075 x 2.3295906 x x
Iron mg 314.75351 167.5711 x 135.64868 x 0.1207695 11.412968
Iron-59 nBq 7.8654395 7.8654395 x x x x x
Iron-59 µBq 146.64731 145.00994 x 1.2675806 x 0.15068825 0.21910122
Iron ore, in 
ground mg 25.385028 24.741 0.644028 x x x x
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Iron, 46% in 
ore, 25% in 
crude ore, in 
ground
g 62.78791 56.569849 x 4.7823217 x 0.08342226 1.3523172
Iron, in ground g 2.6091326 2.5414034 0.0677292 x x x x
Iron, ion g 28.992558 28.328638 x 0.080804293 x 0.45016126 0.13295437
Isocyanic acid µg 47.691795 35.202628 x 8.4656147 x 0.0156466 4.0079052
Isoprene µg 1.2217127 1.2188905 x 0.000914242 x 7.81E-05 0.001829837
Kaolinite, 24% 
in crude ore, in 
ground
g 15.971185 15.967909 x 0.000179048 x 1.13E-05 0.00308643
Kieserite, 25% 
in crude ore, in 
ground
mg 452.1022 452.08537 x 0.001237694 x 2.05741E-04 0.015388061
Kjeldahl-N µg 978.87343 45.786342 x x 933.08709 x x
Krypton-85 Bq 18666.947 18666.334 x 0.55163967 x 0.00954623 0.051761535
Krypton-85m Bq 5.1383757 5.07617 x 0.049401838 x 0.00496838 0.007835505
Krypton-87 Bq 1.3696295 1.3505928 x 0.015681832 x 0.001178095 0.002176829
Krypton-88 Bq 2.5028692 2.4816788 x 0.017143447 x 0.00150125 0.002545692
Krypton-89 mBq 616.06947 609.02146 x 5.5177627 x 0.61125656 0.91898081
Krypton, in air µg 53.836 53.836 x x x x x
Land use II-III cm2a 20.703774 20.703774 x x x x x
Land use II-III, 
sea floor cm2a 52.209909 52.209909 x x x x x
Land use II-IV mm2a 199.34372 199.34372 x x x x x
Land use II-IV, 
sea floor mm2a 538.75763 538.75763 x x x x x
Land use III-IV mm2a 253.47289 253.47289 x x x x x
Land use IV-IV mm2a 4.3911855 4.3911855 x x x x x
Lanthanum ng 333.05505 197.10234 135.95271 x x x x
Lanthanum-14
0 µBq 28.407515 28.095853 x 0.24127531 x 0.02868248 0.041704422
Lanthanum-14
0 µBq 905.26792 895.1634 x 7.8224795 x 0.92992568 1.352115
Lanthanum, 
7.2% in 
bastnasite, 
0.72% in crude 
ore, in ground
mg 578.76 578.76 x x x x x
Lead mg 50.258993 49.891266 0.0029805 0.053528822 0.14850689 0.00207939 0.16063165
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Lead mg 141.44059 69.81282 0.0604006 0.14117726 0.01014706 70.244531 1.17151
Lead µg 44.213481 43.813889 x 0.27391249 x 0.05391335 0.071766466
Lead-210 Bq 2.3537399 2.2724712 x 0.007550747 x 0.000118693 0.073599221
Lead-210 Bq 3.0466064 2.8963984 x 0.003812215 x 1.24543E-04 0.14627119
Lead ore, in 
ground µg 1.8 1.8 x x x x x
Lead, 5.0% in 
sulfide, Pb 
3.0%, Zn, Ag, 
Cd, In, in 
ground
mg 131.41759 130.52709 x 0.55752785 x 0.11625399 0.21671199
Lead, in 
ground mg 1.2955725 1.2902585 0.0053141 x x x x
Limestone, in 
ground mg 514.57904 513.93501 0.644028 x x x x
Linuron µg 17.951214 17.484717 x 0.3730117 x 0.00308042 0.090405301
Lithium, ion mg 303.62976 21.44569 x 0.00135236 x 9.10E-05 282.18262
m-Xylene µg 273.38829 271.67546 x 1.4627347 x 0.02128966 0.22880033
m-Xylene µg 8.0081259 0.055665838 x 3.81E-05 x 2.56E-06 7.9524194
Magnesite, 
60% in crude 
ore, in ground
g 3.4073614 3.3148604 x 0.071973112 x 0.00122255 0.019305393
Magnesium mg 10.7394 8.4424496 0.1205266 0.10608365 x 0.1123541 1.9579863
Magnesium g 71.509437 70.757335 0.0098168 0.058158035 x 0.43101101 0.25311593
Magnesium mg 16.457338 15.858775 x 0.28998494 x 0.0148374 0.29374071
Magnesium 
ore, in ground mg 31.86 31.86 x x x x x
Magnesium, 
0.13% in water mg 784.54503 784.54406 x 0.000698065 x 1.77E-05 0.000261949
Magnesium, in 
ground pg 2.88E-07 2.88E-07 x x x x x
Mancozeb mg 5.1652775 5.1636925 x 8.23E-05 x 8.92E-06 0.00149377
Manganese mg 8.8313489 8.5225582 0.0018331 0.028285522 0.00025209 9.12572E-04 0.27750747
Manganese g 7.8771802 7.8359804 0.0002423 0.00390263 x 0.03181618 0.005238717
Manganese mg 3.6174236 3.5529034 x 0.043977988 x 0.001154014 0.019388199
Manganese-54 µBq 2.8031158 2.7741057 x 0.022458331 x 0.00266982 0.003881921
Manganese-54 mBq 38.763908 38.43877 x 0.25941391 x 0.01838225 0.047341821
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Manganese, 
35.7% in 
sedimentary 
deposit, 14.2% 
in crude ore, in 
ground
g 10.869153 10.832085 x 0.032594688 x 1.45417E-04 0.004327175
Manganese, in 
ground mg 17.800855 17.750803 0.050052 x x x x
Marl, in ground mg 970.59557 788.78507 181.8105 x x x x
Mercaptans, 
unspecified ng 2.4634509 2.4634509 x x x x x
Mercury µg 446.53144 425.7641 0.4501528 7.5359698 0.43105295 0.47823828 11.871927
Mercury µg 507.09538 325.30543 0.0272299 1.9828443 0.02805273 172.26289 7.4889292
Mercury µg 1.1134849 1.1122947 x 0.000522701 x 1.25813E-04 0.000541773
Mercury, in 
ground pg 554.16 554.16 x x x x x
Metal waste mg 1.7428514 1.7428514 x x x x x
Metaldehyde µg 1.8567724 1.8541675 x 0.001675018 x 1.67E-05 0.000913221
Metallic ions, 
unspecified mg 29.825299 12.533833 1.4520657 x 15.8394 x x
Metals, 
unspecified mg 4.1514871 0.37791227 2.8627296 x 0.91084523 x x
Metamorphous 
rock, graphite 
containing, in 
ground
g 8.5546664 8.5544552 x 0.000153241 x 1.46E-06 5.65E-05
Methane mg 55.343491 3.9476116 51.395879 x x x x
Methane g 1.2047231 0.90709962 0.0746985 x 0.22292502 x x
Methane, 
biogenic g 2.5809711 0.26036001 x 0.001303819 x 2.3171584 0.002148865
Methane, 
bromo-, Halon 
1001
pg 42.718291 0.29694206 x 0.000203303 x 1.37E-05 42.421132
Methane, 
bromochlorodif
luoro-, Halon 
1211
µg 47.873227 47.532845 x 0.27106897 x 0.00914713 0.060165396
Methane, 
bromotrifluoro-
, Halon 1301
µg 50.180242 36.984734 0.1340238 0.33789458 12.265486 0.04132234 0.41678096
Methane, 
chlorodifluoro-
, HCFC-22
mg 387.56986 387.5683 x 0.001286521 x 3.74E-05 0.000238438
Methane, 
chlorotrifluoro-
, CFC-13
ng 21.034014 21.034014 x x x x x
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Methane, 
dichloro-, 
HCC-30
mg 23.519037 23.495488 x 2.95E-06 x 1.41E-07 0.023546053
Methane, 
dichloro-, 
HCC-30
µg 448.87755 431.8028 0.0847927 7.5441095 x 0.43134563 9.0145052
Methane, 
dichlorodifluor
o-, CFC-12
mg 9.0752865 9.0752843 x 1.56E-06 x 1.11E-07 5.28E-07
Methane, 
dichlorofluoro-
, HCFC-21
µg 121.8571 121.8571 x 8.19E-07 x 1.67E-07 3.94E-07
Methane, fossil g 24.710182 22.910902 x 0.12691919 x 0.20252072 1.4698399
Methane, 
monochloro-, 
R-40
µg 43.641236 0.66804125 x 0.003664168 x 1.29336E-04 42.969402
Methane, 
tetrachloro-, 
CFC-10
mg 11.492345 11.492117 x 3.10E-05 x 2.47E-05 0.000172537
Methane, 
tetrachloro-, 
CFC-10
ng 4.1403449 4.1403449 x x x x x
Methane, 
tetrafluoro-, 
CFC-14
mg 5.4204177 5.3897112 x 0.022158974 x 0.00019845 0.00834907
Methane, 
tetrafluoro-, 
FC-14
µg 6.5791472 5.8075019 0.7716453 x x x x
Methane, 
trichlorofluoro-
, CFC-11
µg 126.29177 126.29177 x 1.33E-06 x 2.71E-07 6.40E-07
Methane, 
trifluoro-, 
HFC-23
mg 24.721584 24.721583 x 2.61E-07 x 5.30E-08 1.25E-07
Methanol mg 71.856027 71.62232 0.0064747 0.034003876 x 0.00410017 0.18912805
Methanol mg 13.070286 13.065081 x 0.003854002 x 1.72561E-04 0.001178331
Methyl acrylate µg 5.5010359 5.4984344 x 0.00090618 x 5.69483E-04 0.00112584
Methyl acrylate µg 107.46435 107.41353 x 0.01770249 x 0.011125016 0.021993604
Methyl amine mg 3.7840153 3.7840153 x 2.07E-09 x 1.09E-09 2.18E-09
Methyl amine mg 9.081476 9.081476 x 4.96E-09 x 2.61E-09 5.22E-09
Methyl borate pg 3.3995825 3.3979753 x 0.000559763 x 0.0003519 0.000695534
Methyl ethyl 
ketone mg 8.7002823 8.6960296 x 0.001557359 x 9.02237E-04 0.001793046
Methyl formate µg 6.0076296 6.0076196 x 3.49E-06 x 2.21E-06 4.36E-06
Methyl formate µg 2.3985006 2.3984966 x 1.39E-06 x 8.82E-07 1.74E-06
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Metolachlor µg 129.42048 126.04411 x 2.6997957 x 0.02227539 0.65430589
Metribuzin µg 181.87273 181.81692 x 0.002898134 x 3.14241E-04 0.052596594
Mineral waste g 2.5840715 2.1839334 0.4001381 x x x x
Molybdenum µg 222.08724 198.33 0.3286433 2.2807495 x 0.18053854 20.967311
Molybdenum mg 71.648742 70.683067 0.0310524 0.090400301 x 0.14998901 0.69423346
Molybdenum ng 893.23014 885.22357 x 6.0268306 x 0.49004604 1.4896938
Molybdenum-9
9 µBq 312.11246 308.62863 x 2.697023 x 0.32061841 0.46618024
Molybdenum, 
0.010% in 
sulfide, Mo 
8.2E-3% and 
Cu 1.83% in 
crude ore, in 
ground
mg 513.93888 513.61192 x 0.1808933 x 0.0091207 0.13694547
Molybdenum, 
0.014% in 
sulfide, Mo 
8.2E-3% and 
Cu 0.81% in 
crude ore, in 
ground
mg 73.212911 73.166326 x 0.025779722 x 0.00129385 0.019512286
Molybdenum, 
0.016% in 
sulfide, Mo 
8.2E-3% and 
Cu 0.27% in 
crude ore, in 
ground
µg 33.265691 33.265691 x x x x x
Molybdenum, 
0.022% in 
sulfide, Mo 
8.2E-3% and 
Cu 0.36% in 
crude ore, in 
ground
mg 3.3414077 2.9390507 x 0.35438635 x 0.00158777 0.04638286
Molybdenum, 
0.025% in 
sulfide, Mo 
8.2E-3% and 
Cu 0.39% in 
crude ore, in 
ground
mg 268.27469 268.10399 x 0.094464855 x 0.00474107 0.071499036
Molybdenum, 
0.11% in 
sulfide, Mo 
4.1E-2% and 
Cu 0.36% in 
crude ore, in 
ground
mg 6.5231078 5.711121 x 0.71520737 x 0.00319246 0.093586904
Molybdenum, 
in ground ng 136.31154 136.24623 0.0653037 x x x x
Monoethanola
mine mg 4.5112756 4.5095403 x 0.000279439 x 3.16E-05 0.001424266
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Napropamide µg 3.2850519 3.2804433 x 0.002963487 x 2.95E-05 0.001615696
Neodymium, 
4% in 
bastnasite, 
0.4% in crude 
ore, in ground
mg 318.318 318.318 x x x x x
Neptunium-23
7 nBq 0.19841763 0.19841763 x x x x x
Neptunium-23
7 µBq 31.867074 31.867074 x x x x x
Nickel mg 32.501881 32.133852 0.0110312 0.046693081 0.13762991 0.00160236 0.17107251
Nickel µg 44.133558 43.93438 x 0.14226518 x 0.01922087 0.037692191
Nickel, 1.13% 
in sulfide, Ni 
0.76% and Cu 
0.76% in crude 
ore, in ground
mg 10.169014 10.002313 x 0.019228316 x 0.01085084 0.13662255
Nickel, 1.98% 
in silicates, 
1.04% in crude 
ore, in ground
g 6.2062092 5.9883417 x 0.14845992 x 0.00344229 0.065965374
Nickel, in 
ground µg 706.13078 670.72019 35.410585 x x x x
Nickel, ion mg 533.2968 517.73694 0.0588827 1.2588365 0.0132326 12.875256 1.3536457
Niobium-95 nBq 344.73738 341.29364 x 2.6659995 x 0.31693038 0.46081784
Niobium-95 mBq 2.427916 2.3897407 x 0.032773399 x 0.00138273 0.00401914
Nitrate µg 588.70109 461.28757 x 8.0088995 x 0.23736312 119.16726
Nitrate g 6.9204378 6.5705698 0.0002595 0.001511207 0.00166793 0.33640176 0.010027616
Nitrite mg 66.086376 54.79727 x 0.005740405 x 11.276118 0.00724773
Nitrogen mg 10.416201 10.416201 x x x x x
Nitrogen mg 303.71108 298.2968 x 0.39092804 x 2.3214768 2.7018709
Nitrogen µg 3.3750488 3.3750488 x x x x x
Nitrogen 
fluoride mg 511.2229 511.2229 x x x x x
Nitrogen 
oxides g 38.696472 18.990017 17.59103 0.41994392 0.55533455 0.03554453 1.1046016
Nitrogen, in air g 8.517644 8.517644 x x x x x
Nitrogen, 
organic bound mg 368.89728 83.546125 x 0.14713204 x 284.95191 0.25210988
Nitrogen, total mg 15.387031 9.9226544 0.0835139 x 5.3808626 x x
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NMVOC, non-
methane 
volatile organic 
compounds, 
unspecified 
origin
g 4.9561742 3.5734663 0.0049641 0.048302948 1.2168134 0.00616719 0.10646018
Noble gases, 
radioactive, 
unspecified
Bq 700308.47 682344.78 x 14046.08 x 364.05307 3553.5548
o-Xylene µg 5.8331823 0.040547437 x 2.78E-05 x 1.87E-06 5.7926052
Occupation, 
arable mm2a 619.36088 268.33237 351.02851 x x x x
Occupation, 
arable, non-
irrigated
cm2a 138.27707 138.08414 x 0.12388201 x 0.00123401 0.067809936
Occupation, 
construction 
site
cm2a 27.955595 27.396842 x 0.034719277 x 0.38292036 0.14111274
Occupation, 
dump site cm2a 322.43526 293.45902 x 0.95325865 x 2.2925789 25.7304
Occupation, 
dump site, 
benthos
mm2a 330.70875 321.45583 x 4.4427755 x 0.18651248 4.6236326
Occupation, 
forest mm2a 0.048995084 0.008461972 0.0405331 x x x x
Occupation, 
forest, 
intensive
m2a 1.0070063 1.0069506 x 8.84E-06 x 3.37E-06 4.34E-05
Occupation, 
forest, 
intensive, 
normal
m2a 0.53828448 0.53092728 x 0.001516906 x 2.60E-05 0.00581429
Occupation, 
forest, 
intensive, 
short-cycle
mm2a 357.01042 356.19451 x 0.26716748 x 0.02281236 0.52593551
Occupation, 
industrial area cm2a 569.57674 72.040011 492.89583 0.72653712 x 0.02243469 3.8919256
Occupation, 
industrial area, 
benthos
mm2a 3.0423304 2.9671363 x 0.037164495 x 0.00185919 0.036170508
Occupation, 
industrial area, 
built up
cm2a 152.79314 152.38873 x 0.1941846 x 0.03069481 0.17953196
Occupation, 
industrial area, 
vegetation
cm2a 26.170079 25.680661 x 0.21823679 x 0.03686783 0.23431364
Occupation, 
mineral 
extraction site
cm2a 95.213708 85.346645 x 1.1062768 x 0.73795837 8.0228275
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Occupation, 
permanent 
crop, fruit, 
intensive
mm2a 712.00812 710.84735 x 0.36673327 x 0.03236482 0.76167651
Occupation, 
shrub land, 
sclerophyllous
mm2a 390.74768 345.02677 x 3.0247015 x 38.008837 4.6873759
Occupation, 
traffic area, rail 
embankment
cm2a 19.459131 7.9539216 x 10.656749 x 0.00577803 0.84268312
Occupation, 
traffic area, rail 
network
cm2a 21.517307 8.7951996 x 11.783905 x 0.006389116 0.9318132
Occupation, 
traffic area, 
road 
embankment
cm2a 220.5637 219.78212 x 0.18474563 x 0.01275631 0.58407532
Occupation, 
traffic area, 
road network
cm2a 37.529014 33.037293 x 0.49981815 x 2.8365282 1.1553745
Occupation, 
urban, 
continuously 
built
mm2a 30.67151 1.923862 28.747648 x x x x
Occupation, 
urban, 
discontinuousl
y built
mm2a 31.795147 31.77262 x 0.009955958 x 2.07508E-04 0.012363113
Occupation, 
water bodies, 
artificial
cm2a 169.50542 167.08618 x 1.8772289 x 0.18464183 0.35737077
Occupation, 
water courses, 
artificial
cm2a 39.486864 37.749522 x 0.56747961 x 0.02054394 1.1493189
Oil waste g 3.9541352 0.008 3.9461352 x x x x
Oil, crude, 42.6 
MJ per kg, in 
ground
g 117.102 65.177059 0.5612323 x 51.363704 x x
Oil, crude, 42.7 
MJ per kg, in 
ground
g 315.80728 21.250155 294.55712 x x x x
Oil, crude, in 
ground g 462.14082 439.65555 x 9.5436715 x 0.92008042 12.021512
Oils, biogenic mg 9.801726 8.921331 x 0.78732514 x 0.00070524 0.092364651
Oils, 
unspecified g 1.5356413 1.367522 0.001663 0.039713341 0.06830429 0.00192295 0.056515746
Oils, 
unspecified g 1.3900276 1.2924144 x 0.041578688 x 0.00181505 0.054219463
Olivine, in 
ground µg 199.97485 199.69917 x 0.089846463 x 0.0917594 0.094071802
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Orbencarb µg 982.13081 981.82944 x 0.015650214 x 0.00169693 0.28402683
Organic 
substances, 
unspecified
mg 5.9961041 5.9961041 x x x x x
Organic 
substances, 
unspecified
µg 179.87207 179.87207 x x x x x
Oxygen pg 0.0036406 0.0036406 x x x x x
Oxygen, in air mg 24.489981 24.489981 x x x x x
Ozone mg 36.791337 36.210031 x 0.49356738 x 0.011323362 0.076415476
Packaging 
waste, paper 
and board
pg 7.15493 7.15493 x x x x x
Packaging 
waste, plastic pg 0.5250984 0.5250984 x x x x x
Packaging 
waste, wood pg 2.5729882 2.5729882 x x x x x
PAH, 
polycyclic 
aromatic 
hydrocarbons
mg 2.5586688 2.4431626 0.0017139 0.014158459 0.00177781 8.86671E-04 0.096969335
PAH, 
polycyclic 
aromatic 
hydrocarbons
µg 227.39192 183.62974 0.3739563 4.9846083 33.521231 0.25272704 4.6296594
Palladium, in 
ground ng 482.18622 482.17911 0.0071124 x x x x
Particulates mg 126.81416 90.844011 x x 35.970151 x x
Particulates, < 
10 um µg 482.88872 482.88872 x x x x x
Particulates, < 
10 um (mobile) mg 1.6954063 1.6954063 x x x x x
Particulates, < 
10 um 
(stationary)
mg 44.610982 44.610982 x x x x x
Particulates, < 
2.5 um g 3.2634223 3.1945062 x 0.028131132 x 0.00194244 0.038842554
Particulates, > 
10 um g 5.247538 4.6511352 0.0260378 0.12633313 x 0.00120761 0.44282432
Particulates, > 
10 um 
(process)
mg 32.524512 32.524512 x x x x x
Particulates, > 
2.5 um, and < 
10um
g 1.8997708 1.755695 x 0.11322282 x 5.96426E-04 0.03025658
Particulates, 
SPM mg 64.892582 0.44966853 64.442914 x x x x
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Pd, Pd 
2.0E-4%, Pt 
4.8E-4%, Rh 
2.4E-5%, Ni 
3.7E-2%, Cu 
5.2E-2% in 
ore, in ground
µg 3.8508308 3.8226946 x 0.012255896 x 9.24653E-04 0.014955655
Pd, Pd 
7.3E-4%, Pt 
2.5E-4%, Rh 
2.0E-5%, Ni 
2.3E+0%, Cu 
3.2E+0% in 
ore, in ground
µg 9.2546725 9.187053 x 0.029454501 x 0.00222221 0.03594281
Peat, in ground g 1.8371449 1.8367109 x 0.000137033 x 1.03755E-04 0.000193256
Pentane mg 98.752816 93.234316 0.2393379 0.99133113 x 0.07478225 4.213049
Phenol mg 6.0515887 6.0466417 7.26E-05 0.001588988 x 0.000154116 0.003131287
Phenol mg 6.9416793 6.6837074 0.0051701 0.057249762 x 0.00428032 0.19127172
Phenol, 
pentachloro- µg 17.770816 17.347294 x 0.37202845 x 0.01538888 0.036104413
Phenols, 
unspecified µg 795.52016 455.9211 x x 339.59905 x x
Phosphate g 15.31319 15.280445 0.0006974 0.009683041 9.85E-05 0.00573876 0.016527912
Phosphine mg 130.62429 130.62429 x 6.90E-10 x 4.34E-10 8.58E-10
Phosphoric 
acid µg 101.20229 101.20229 x x x x x
Phosphorus mg 1.3870034 1.3373984 0.004166 0.00556371 x 0.02044573 0.01942963
Phosphorus mg 16.284641 16.260612 x 0.009106131 x 6.42238E-04 0.014280479
Phosphorus mg 2.3316547 2.2796816 x 0.030598695 x 0.00107203 0.020302437
Phosphorus 
compounds, 
unspecified
µg 1.8323641 1.8323641 x x x x x
Phosphorus 
pentoxide µg 3.5198 3.5198 x x x x x
Phosphorus 
pentoxide µg 216 216 x x x x x
Phosphorus, 
18% in apatite, 
12% in crude 
ore, in ground
mg 425.9159 425.67649 x 0.10572222 x 0.01289107 0.12079696
Phosphorus, 
18% in apatite, 
4% in crude 
ore, in ground
mg 955.43266 954.95555 x 0.20748567 x 0.02853592 0.24108282
Phosphorus, 
total µg 7.611102 7.611102 x x x x x
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Phosphorus, 
total ng 38.117234 35.007026 3.1102072 x x x x
Phthalate, 
dioctyl- pg 97.651238 97.651238 x x x x x
Phthalate, p-
dibutyl- ng 1.2897955 1.2897955 x x x x x
Phthalate, p-
dimethyl- ng 8.1209345 8.1209345 x x x x x
Pirimicarb ng 112.04569 109.1226 x 2.3373463 x 0.01928491 0.56646486
Plastic waste mg 49.469741 49.469741 x x x x x
Platinum ng 5.3529438 5.3296397 0.0006999 0.019675926 x 4.38123E-04 0.002490088
Platinum, in 
ground ng 543.63348 543.61957 0.013911 x x x x
Plutonium-238 nBq 10.382908 10.134782 x 0.19939763 x 0.00516859 0.043559566
Plutonium-241 µBq 330.69605 330.69605 x x x x x
Plutonium-241 mBq 49.303774 49.303774 x x x x x
Plutonium-
alpha µBq 12.048232 12.047663 x 0.000457094 x 1.18E-05 9.99E-05
Plutonium-
alpha mBq 1.9841763 1.9841763 x x x x x
Polonium-210 Bq 4.2318099 4.1326129 x 0.013297038 x 2.01988E-04 0.085698
Polonium-210 Bq 4.4028846 4.3278992 x 0.004142846 x 1.67368E-04 0.070675179
Polychlorinate
d biphenyls µg 1.0283334 0.92372914 x 0.081163106 x 0.00132701 0.022114132
Potassium mg 63.723133 61.303874 0.0453058 0.4136442 x 0.16356383 1.7967454
Potassium mg 27.166525 23.54125 3.6252751 x x x x
Potassium mg 12.782454 12.445142 x 0.19160339 x 0.00718749 0.13852124
Potassium-40 mBq 629.75892 557.83959 x 1.681715 x 0.02185726 70.215758
Potassium-40 mBq 638.73843 547.1452 x 4.0713171 x 0.06390869 87.458007
Potassium 
chloride ng 109.736 109.736 x x x x x
Potassium, ion g 40.796505 40.338406 x 0.029563929 x 0.24551168 0.18302424
Praseodymium, 
0.42% in 
bastnasite, 
0.042% in 
crude ore, in 
ground
mg 33.77478 33.77478 x x x x x
Production 
waste, not inert mg 179.30215 17.934872 161.36728 x x x x
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Promethium-14
7 µBq 102.21514 102.21514 x x x x x
Propanal µg 4.5794097 4.5686331 x 0.005865176 x 0.00234373 0.002567684
Propane mg 93.226945 89.088001 0.2740018 0.96823088 x 0.063891184 2.83282
Propene mg 19.447938 19.355251 0.0053318 0.040444831 x 0.00316808 0.043742048
Propene mg 32.152908 32.145569 x 0.003331547 x 9.87123E-04 0.003020609
Propionic acid µg 566.01359 513.44066 2.9706861 2.9944156 x 0.10572946 46.502101
Propylene 
oxide mg 10.007826 10.007379 x 0.000269502 x 7.18E-05 0.000105624
Propylene 
oxide mg 24.038926 24.037851 x 0.000648436 x 1.72749E-04 0.000254124
Protactinium-2
34 mBq 24.439815 11.075892 x 0.20313982 x 0.00604513 13.154738
Protactinium-2
34 mBq 262.93909 203.62462 x 3.7459347 x 0.11140788 55.45713
Pt, Pt 2.5E-4%, 
Pd 7.3E-4%, 
Rh 2.0E-5%, 
Ni 2.3E+0%, 
Cu 3.2E+0% in 
ore, in ground
ng 53.144605 51.606836 x 1.0780299 x 0.02936588 0.43037334
Pt, Pt 4.8E-4%, 
Pd 2.0E-4%, 
Rh 2.4E-5%, 
Ni 3.7E-2%, 
Cu 5.2E-2% in 
ore, in ground
ng 190.5156 185.00292 x 3.8645787 x 0.10527236 1.5428252
Radioactive 
species,  
unspecified
Bq 488.06516 394.54562 37.988831 x 55.530714 x x
Radioactive 
species, alpha 
emitters
mBq 8.169901 8.1655308 x 0.002006474 x 2.59979E-04 0.002103739
Radioactive 
species, from 
fission and 
activation
mBq 1.4862696 1.4862696 x x x x x
Radioactive 
species, 
Nuclides, 
unspecified
Bq 73.347018 69.187559 x 1.4237752 x 0.03691084 2.6987724
Radioactive 
species, other 
beta emitters
mBq 345.71619 285.07677 x 5.5418503 x 0.83472641 54.262839
Radioactive 
species, 
unspecified
kBq 53.026694 42.997854 4.1312724 x 5.8975677 x x
Radium-224 Bq 1.2136638 1.1435279 x 0.029842395 x 0.00227007 0.038023482
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Radium-226 Bq 1.1226676 0.99588281 x 0.008449541 x 2.24283E-04 0.11811094
Radium-226 Bq 177.05923 139.65931 x 2.3803942 x 0.07304624 34.946482
Radium-228 mBq 232.94778 221.7001 x 0.99534934 x 0.0173259 10.235001
Radium-228 Bq 2.9198149 2.2904791 x 0.059687134 x 0.00454029 0.56510835
Radon-220 Bq 15.592716 14.056663 x 0.073520833 x 9.46898E-04 1.461585
Radon-222 Bq 1895618.2 1470510.5 x 26847.391 x 798.48681 397461.78
Rh, Rh 
2.0E-5%, Pt 
2.5E-4%, Pd 
7.3E-4%, Ni 
2.3E+0%, Cu 
3.2E+0% in 
ore, in ground
ng 14.601212 13.861034 x 0.38528502 x 0.01465868 0.34023434
Rh, Rh 
2.4E-5%, Pt 
4.8E-4%, Pd 
2.0E-4%, Ni 
3.7E-2%, Cu 
5.2E-2% in 
ore, in ground
ng 45.732865 43.414533 x 1.206762 x 0.04591286 1.0656575
Rhenium, in 
crude ore, in 
ground
ng 13.345894 12.55916 x 0.36538148 x 0.02556374 0.39578838
Rhenium, in 
ground ng 414.08217 414.07812 0.0040519 x x x x
Rhodium, in 
ground ng 512.80857 512.8025 0.0060717 x x x x
Rubidium µg 211.93838 197.91119 x 5.9684791 x 0.45401324 7.6046963
Ruthenium µg 30.807368 30.807368 x x x x x
Ruthenium-103 nBq 69.825963 69.069349 x 0.58573755 x 0.06963168 0.1012447
Ruthenium-103 µBq 66.772882 66.037764 x 0.56909613 x 0.06765337 0.098368229
Ruthenium-106 mBq 1.2025311 1.2025311 x x x x x
Ruthenium-106 mBq 120.25311 120.25311 x x x x x
Rutile, in 
ground pg 5.33E-22 5.33E-22 x x x x x
Salt, 
unspecified mg 2.2865 2.2865 x x x x x
Salts, 
unspecified mg 26.801138 26.002429 0.7987085 x x x x
Samarium, 
0.3% in 
bastnasite, 
0.03% in crude 
ore, in ground
mg 24.10122 24.10122 x x x x x
Sand, quartz, in 
ground pg 1.22E-14 1.22E-14 x x x x x
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Sand, 
unspecified, in 
ground
g 1.1382 1.1380278 x 0.000145763 x 6.89E-06 1.96E-05
Scandium µg 172.25177 133.23914 0.0583196 2.4724771 x 0.07341987 36.408409
Scandium mg 28.582633 27.831268 x 0.047464911 x 0.00128983 0.70261042
Selenium mg 2.1076292 1.9865022 0.0017664 0.005173737 x 1.05836E-04 0.11408101
Selenium mg 52.63992 52.281684 0.058209 0.037574617 x 0.08268158 0.17977033
Selenium 
compounds pg 0.00023162 0.00023162 x x x x x
Shale, in 
ground mg 1.3478874 1.3460366 x 0.000613526 x 5.53781E-04 0.000683488
Silicates, 
unspecified µg 621.87116 47.391414 574.47975 x x x x
Silicon mg 76.429109 72.666465 x 0.30212561 x 0.9949904 2.4655282
Silicon g 83.105176 80.211269 4.20E-08 0.60840351 x 0.15727927 2.1282248
Silicon mg 15.541845 15.312592 x 0.16303507 x 0.006104 0.060113564
Silicon 
tetrafluoride µg 7.1930422 7.1894366 x 0.001568056 x 0.00021544 0.001822087
Silver µg 7.560082 5.9270833 x 0.10932641 x 0.00338145 1.5202908
Silver µg 2.038451 2.0214311 0.0170199 x x x x
Silver-110 nBq 873.90115 866.40253 x 5.8051076 x 0.69010327 1.0034125
Silver-110 mBq 291.50498 287.31868 x 3.2954661 x 0.26042313 0.63041415
Silver, 0.007% 
in sulfide, Ag 
0.004%, Pb, 
Zn, Cd, In, in 
ground
mg 1.1385809 1.1383615 x 9.76E-05 x 4.00E-05 8.17E-05
Silver, 3.2ppm 
in sulfide, Ag 
1.2ppm, Cu 
and Te, in 
crude ore, in 
ground
µg 815.0321 814.87504 x 0.070136503 x 0.02856272 0.058368047
Silver, Ag 
2.1E-4%, Au 
2.1E-4%, in 
ore, in ground
µg 75.248103 75.233644 x 0.006437803 x 0.00263643 0.005384805
Silver, Ag 
4.2E-3%, Au 
1.1E-4%, in 
ore, in ground
µg 171.85768 171.82466 x 0.014703171 x 0.0060213 0.012298245
Silver, Ag 
4.6E-5%, Au 
1.3E-4%, in 
ore, in ground
µg 168.45786 168.42549 x 0.014412296 x 0.00590218 0.01205494
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Silver, Ag 
9.7E-4%, Au 
9.7E-4%, Zn 
0.63%, Cu 
0.38%, Pb 
0.014%, in ore, 
in ground
µg 111.15066 111.1293 x 0.009509423 x 0.00389433 0.007954015
Silver, in 
ground µg 195.96452 194.29787 1.6666497 x x x x
Silver, ion mg 4.4941593 3.8530702 x 0.002836272 x 0.07278763 0.5654652
Slags mg 32.072832 20.000706 12.072126 x x x x
Slags and ashes mg 360.7336 360.7336 x x x x x
Sodium mg 10.819414 9.5798786 0.0348796 0.084208313 x 0.39823912 0.72220857
Sodium mg 341.12276 339.76124 x 0.60848339 x 0.03797554 0.71506411
Sodium-24 mBq 2.4478853 2.4215258 x 0.020406395 x 0.00242588 0.003527244
Sodium 
chlorate µg 81.598446 81.269462 x 0.03038746 x 0.00282615 0.29576949
Sodium 
chloride, in 
ground
g 306.40622 305.88529 0.0036385 0.057548193 x 0.31446764 0.14527155
Sodium 
dichromate µg 50.628157 50.538087 x 0.03489996 x 0.02387299 0.031296334
Sodium 
formate µg 32.574873 32.567683 x 0.001145382 x 5.99608E-04 0.005445162
Sodium 
formate µg 78.259145 78.241872 x 0.002751711 x 0.00144052 0.01308167
Sodium 
hydroxide mg 12.089443 12.08942 x 8.13E-06 x 5.04E-06 9.97E-06
Sodium nitrate pg 8.66E-07 8.66E-07 x x x x x
Sodium nitrate, 
in ground ng 34.900517 34.800778 x 0.022060742 x 0.02343454 0.054243482
Sodium 
sulphate, 
various forms, 
in ground
mg 268.27627 267.45537 x 0.2961389 x 0.05716768 0.46759657
Sodium 
tetrahydroborat
e
mg 37.14371 37.14371 x x x x x
Sodium, ion g 44.014567 40.076239 0.0193972 0.21686428 x 0.67075389 3.0313131
Solids, 
inorganic g 3.7320717 3.6441733 x 0.066844165 x 0.00125143 0.019802768
Solved 
organics mg 1.4484845 1.3910367 0.0574478 x x x x
Solved solids g 12.292301 0.59211953 x 0.010930851 x 8.21E-05 11.689168
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Solved 
substances mg 11.030544 6.0888869 4.9416572 x x x x
Solved 
substances, 
inorganic
g 1.0656144 0.072595771 x x 0.99301867 x x
Soot mg 28.4376 x 28.4376 x x x x
Spodumene, in 
ground g 1.0537061 1.0537061 x x x x x
Stibnite, in 
ground ng 22.373906 18.445534 x 0.35854047 x 0.05407423 3.5157576
Strontium mg 2.4387791 2.3823292 0.0056671 0.010519599 x 3.02687E-04 0.039960454
Strontium g 1.244152 1.2150267 0.0003086 0.002412055 x 0.00583502 0.020569667
Strontium µg 143.6607 136.89814 x 3.0041078 x 0.17166428 3.586792
Strontium-89 nBq 359.91905 359.91905 x x x x x
Strontium-89 mBq 6.3072474 6.2280601 x 0.063862575 x 0.00559502 0.009729771
Strontium-90 µBq 198.48558 198.48558 x x x x x
Strontium-90 Bq 91.055189 88.92804 x 1.9147545 x 0.03090001 0.18149376
Styrene µg 89.14479 86.952418 x 0.13362628 x 0.00813434 2.0506114
Sulfate mg 377.10101 364.1407 x 0.91791208 x 0.03929532 12.003108
Sulfate g 456.1585 454.10316 0.0563622 0.46320689 0.0583119 0.66974098 0.8077136
Sulfide µg 449.60829 349.11453 x 3.3172623 79.000167 0.09156424 18.084764
Sulfite mg 7.5020526 6.7136307 x 0.084415917 x 0.001036119 0.70296986
Sulfur mg 6.0606184 5.1126943 0.0008636 0.10758525 x 0.00498324 0.834492
Sulfur mg 13.65151 13.228127 x 0.19385825 x 0.011757664 0.21776711
Sulfur dioxide g 54.403513 36.402914 14.110535 0.21598874 x 0.00798451 3.6660913
Sulfur 
hexafluoride mg 18.953751 18.947695 x 0.004798194 x 1.29481E-04 0.001128233
Sulfur oxides g 1.6425326 1.3314661 0.0340035 x 0.27706289 x x
Sulfur trioxide µg 18.819299 14.048841 4.7704588 x x x x
Sulfur, bonded ng 7.9368 7.9368 x x x x x
Sulfur, in 
ground mg 458.50512 458.47253 x 0.018185217 x 0.00570522 0.008698001
Sulfuric acid mg 2.017039 2.017034 x 1.80E-06 x 1.06E-06 2.10E-06
Sulfuric acid ng 6.2864256 6.2834527 x 0.001035556 x 6.50789E-04 0.001286577
Suspended 
solids, 
unspecified
g 1.4892782 1.4512273 x 0.013447833 x 5.34451E-04 0.0240686
125
Suspended 
substances, 
unspecified
mg 165.23673 12.028264 5.6974646 x 147.511 x x
Sylvite, 25 % 
in sylvinite, in 
ground
mg 253.85859 253.68631 x 0.072645452 x 0.00429842 0.095335788
t-Butyl methyl 
ether µg 10.946088 10.881643 x 0.028111764 x 0.00221227 0.034121887
t-Butyl methyl 
ether µg 43.764388 40.797724 x 1.257764 x 0.054805811 1.6540944
Talc, in ground mg 322.20234 321.92432 x 0.01484447 x 0.00145033 0.2617211
Tantalum, 
81.9% in 
tantalite, 
1.6E-4% in 
crude ore, in 
ground
µg 301.61177 301.44459 x 0.071732567 x 0.03150045 0.063938431
Tebutam µg 7.7840482 7.7731278 x 0.007022089 x 6.98E-05 0.003828449
Technetium-99 nBq 8.4177176 8.4177176 x x x x x
Technetium-99 mBq 12.626576 12.626576 x x x x x
Technetium-99
m mBq 7.1778789 7.0975974 x 0.062181139 x 0.00736971 0.010730658
Teflubenzuron µg 12.124849 12.121128 x 0.000193209 x 2.09E-05 0.00350644
Tellurium-123
m nBq 903.09991 903.09991 x x x x x
Tellurium-123
m mBq 2.2623727 2.2102228 x 0.042327333 x 0.001141795 0.008680783
Tellurium-132 µBq 18.109715 17.907994 x 0.15616296 x 0.01856444 0.026992758
Tellurium, 
0.5ppm in 
sulfide, Te 
0.2ppm, Cu 
and Ag, in 
crude ore, in 
ground
µg 122.25685 122.23329 x 0.01052065 x 0.00428448 0.008755351
Terpenes µg 11.551889 11.525488 x 0.008644815 x 7.38146E-04 0.017017846
Tetramethyl 
ammonium 
hydroxide
g 1.3417371 1.3417371 x x x x x
Thallium µg 3.0281347 2.9133049 0.0153706 0.054745788 x 0.01346197 0.031251433
Thallium mg 6.5743968 6.5075605 x 0.003489318 x 0.04450655 0.018840477
Thiram ng 52.592534 52.472339 x 0.039357435 x 0.00336057 0.077477518
Thorium µg 2.2973451 1.9268561 0.327398 0.018186647 x 0.000411293 0.024493048
Thorium-228 mBq 107.09759 100.40754 x 0.35946254 x 0.00479676 6.325787
126
Thorium-228 Bq 4.8880475 4.6074864 x 0.11937729 x 0.00908126 0.15210255
Thorium-230 mBq 77.002595 54.969365 x 0.7532153 x 0.022711469 21.257303
Thorium-230 Bq 35.919819 27.826939 x 0.51109623 x 0.01520052 7.5665841
Thorium-232 mBq 369.34448 362.48156 x 0.53357597 x 0.00673844 6.322604
Thorium-232 mBq 769.61076 752.56591 x 0.74488034 x 0.01007966 16.289886
Thorium-234 mBq 24.444922 11.078554 x 0.2031786 x 0.0060463 13.157143
Thorium-234 mBq 263.01238 203.67177 x 3.7463492 x 0.11142038 55.482841
Tin mg 2.3801592 2.3723304 0.0001266 0.002273462 x 0.00205985 0.003368882
Tin µg 4.8624139 4.8578919 x 0.000437619 x 0.00176368 0.002320686
Tin, 79% in 
cassiterite, 
0.1% in crude 
ore, in ground
mg 549.0425 549.00903 x 0.021079276 x 0.00222498 0.010161261
Tin, in ground µg 108.86968 107.94345 0.9262316 x x x x
Tin, ion mg 142.0933 133.29619 0.0001434 0.041011883 x 8.6664518 0.089503746
TiO2, 54% in 
ilmenite, 2.6% 
in crude ore, in 
ground
mg 644.42807 621.7115 x 7.3295157 x 1.0354009 14.351653
TiO2, 95% in 
rutile, 0.40% in 
crude ore, in 
ground
µg 9.5306477 9.5223077 x 0.003433577 x 0.00148934 0.003417061
Titanium mg 5.9003176 5.1540296 0.0175688 0.048273537 x 0.01288329 0.66756238
Titanium µg 196.91711 194.32349 x 2.2106909 x 0.03099681 0.35193163
Titanium, ion g 1.454173 1.3746284 0.0006969 0.003679644 x 0.04915791 0.026010141
TOC, Total 
Organic 
Carbon
g 31.438803 16.352804 0.0040873 0.050784414 0.02444262 14.945323 0.061361109
Toluene g 1.7043778 1.6948933 4.81E-05 0.000350056 x 4.51E-05 0.009041182
Toluene mg 3.768763 2.8683089 0.0039533 0.075275867 0.30492438 0.00563567 0.51066485
Transformation
, from arable mm2 12.785299 12.690506 x 0.071879006 x 0.00157317 0.021341339
Transformation
, from arable, 
non-irrigated
cm2 253.7846 253.42857 x 0.22893104 x 0.00227727 0.124814
Transformation
, from arable, 
non-irrigated, 
fallow
mm2 3.0996792 3.0818057 x 0.012835785 x 1.43016E-04 0.004894677
127
Transformation
, from dump 
site, inert 
material 
landfill
mm2 38.744039 38.090126 x 0.44323465 x 0.01353911 0.19713905
Transformation
, from dump 
site, residual 
material 
landfill
mm2 29.821137 28.874661 x 0.15912396 x 0.05748326 0.72986845
Transformation
, from dump 
site, sanitary 
landfill
mm2 8.2059859 0.8681257 x 0.001905775 x 7.3268317 0.009122733
Transformation
, from dump 
site, slag 
compartment
mm2 1.3306606 1.1262407 x 0.000421322 x 0.20382136 0.000177161
Transformation
, from forest mm2 803.45484 773.4752 x 13.212428 x 0.74857384 16.018641
Transformation
, from forest, 
extensive
cm2 110.37394 109.85925 x 0.11631561 x 0.00223288 0.3961403
Transformation
, from forest, 
intensive, 
clear-cutting
mm2 12.750429 12.721289 x 0.009541738 x 8.14731E-04 0.018783495
Transformation
, from 
industrial area
mm2 11.813654 10.398575 x 0.12265824 x 0.00383633 1.2885844
Transformation
, from 
industrial area, 
benthos
mm2 0.029374596 0.029174979 x 0.000160786 x 5.54E-06 3.33E-05
Transformation
, from 
industrial area, 
built up
mm2 0.33967144 0.33950117 x 7.40E-05 x 1.02E-05 8.60E-05
Transformation
, from 
industrial area, 
vegetation
mm2 0.57943951 0.57914906 x 0.000126316 x 1.74E-05 0.000146779
Transformation
, from mineral 
extraction site
mm2 199.50006 192.0739 x 4.1917367 x 2.1720443 1.0623795
Transformation
, from pasture 
and meadow
mm2 157.26157 144.84422 x 1.3730535 x 9.20295 1.8413444
Transformation
, from pasture 
and meadow, 
intensive
mm2 20.710187 20.681133 x 0.018682924 x 1.85803E-04 0.010185947
Transformation
, from sea and 
ocean
mm2 358.58549 349.32785 x 4.4452605 x 0.1867064 4.6256721
128
Transformation
, from shrub 
land, 
sclerophyllous
mm2 99.530669 90.023196 x 0.90387698 x 7.6121649 0.99143148
Transformation
, from tropical 
rain forest
mm2 12.750429 12.721289 x 0.009541738 x 8.14731E-04 0.018783495
Transformation
, from 
unknown
cm2 18.199302 17.02294 x 0.59920834 x 0.09336993 0.48378373
Transformation
, to arable mm2 241.6251 240.29442 x 1.1435596 x 0.021703 0.16541819
Transformation
, to arable, non-
irrigated
cm2 253.99182 253.6355 x 0.22911786 x 0.00227914 0.12491586
Transformation
, to arable, non-
irrigated, 
fallow
mm2 4.6094738 4.581872 x 0.019827116 x 0.000621154 0.007153527
Transformation
, to dump site mm2 247.39472 226.21128 x 0.71107895 x 0.01229583 20.460065
Transformation
, to dump site, 
benthos
mm2 330.70875 321.45583 x 4.4427755 x 0.18651248 4.6236326
Transformation
, to dump site, 
inert material 
landfill
mm2 38.744039 38.090126 x 0.44323465 x 0.01353911 0.19713905
Transformation
, to dump site, 
residual 
material 
landfill
mm2 29.822854 28.876374 x 0.15912724 x 0.0574833 0.72986963
Transformation
, to dump site, 
sanitary landfill
mm2 8.2059859 0.8681257 x 0.001905775 x 7.3268317 0.009122733
Transformation
, to dump site, 
slag 
compartment
mm2 1.3306606 1.1262407 x 0.000421322 x 0.20382136 0.000177161
Transformation
, to forest mm2 177.34574 161.79978 x 3.9155926 x 9.7589079 1.8714606
Transformation
, to forest, 
intensive
cm2 67.10196 67.098252 x 0.000588824 x 0.00022463 0.002894375
Transformation
, to forest, 
intensive, 
clear-cutting
mm2 12.750429 12.721289 x 0.009541738 x 8.14731E-04 0.018783495
Transformation
, to forest, 
intensive, 
normal
cm2 41.631993 41.126337 x 0.11443561 x 0.00197933 0.38924141
129
Transformation
, to forest, 
intensive, 
short-cycle
mm2 12.750429 12.721289 x 0.009541738 x 8.14731E-04 0.018783495
Transformation
, to 
heterogeneous, 
agricultural
mm2 34.918189 33.0399 x 0.61519566 x 0.04239095 1.2207019
Transformation
, to industrial 
area
mm2 154.25924 135.60624 7.5144736 1.0408892 x 0.01927762 10.07836
Transformation
, to industrial 
area, benthos
mm2 27.876735 27.872017 x 0.002484982 x 1.93923E-04 0.002039509
Transformation
, to industrial 
area, built up
mm2 550.14069 549.20022 x 0.42415075 x 0.0787445 0.43757472
Transformation
, to industrial 
area, 
vegetation
mm2 80.620635 79.306096 x 0.46013776 x 0.08398591 0.77041514
Transformation
, to mineral 
extraction site
cm2 11.816756 10.910488 x 0.54572781 x 0.08220787 0.27833145
Transformation
, to pasture and 
meadow
mm2 8.9217355 8.8868243 x 0.027679591 x 9.50388E-04 0.006281208
Transformation
, to permanent 
crop, fruit, 
intensive
mm2 10.023034 10.006694 x 0.005162554 x 4.55604E-04 0.010722223
Transformation
, to sea and 
ocean
mm2 0.029374596 0.029174979 x 0.000160786 x 5.54E-06 3.33E-05
Transformation
, to shrub land, 
sclerophyllous
mm2 78.101822 68.959154 x 0.60468571 x 7.6016754 0.93630739
Transformation
, to traffic area, 
rail 
embankment
mm2 4.5279902 1.8508164 x 2.4797434 x 0.0013445 0.19608588
Transformation
, to traffic area, 
rail network
mm2 4.9770461 2.0343673 x 2.7256685 x 0.00147782 0.21553248
Transformation
, to traffic area, 
road 
embankment
mm2 152.08943 151.57419 x 0.12231989 x 0.0047164 0.38819738
Transformation
, to traffic area, 
road network
mm2 57.887253 53.878482 x 0.71510333 x 1.5734084 1.7202593
Transformation
, to unknown mm2 50.164991 48.701477 x 0.14999976 x 0.00712242 1.3063915
130
Transformation
, to urban, 
discontinuousl
y built
mm2 0.63333881 0.63289009 x 0.000198316 x 4.13E-06 0.000246265
Transformation
, to water 
bodies, 
artificial
mm2 200.57183 187.99458 x 9.5435737 x 1.646837 1.386839
Transformation
, to water 
courses, 
artificial
mm2 46.850513 45.149977 x 0.6679435 x 0.02396706 1.008626
Tributyltin µg 3.3216593 3.0585576 0.2631017 x x x x
Tributyltin 
compounds µg 71.770391 69.589292 x 1.2547648 x 0.05378994 0.87254475
Triethylene 
glycol mg 1.0904564 1.0867773 x 0.002985195 x 9.80E-05 0.000595913
Tungsten µg 19.33479 14.93591 x 0.27780601 x 0.00826223 4.1128117
Tungsten mg 91.790825 91.511868 0.0001163 0.049770101 x 0.0019649 0.22710595
Ulexite, in 
ground mg 1.2153489 1.1997617 x 0.013939909 x 0.00020829 0.001438972
Undissolved 
substances mg 203.67812 203.67812 x x x x x
Unspecified 
input pg 2.83E-36 2.83E-36 x x x x x
Uranium µg 2.7846777 2.5871014 0.1474933 0.018604269 x 4.49598E-04 0.031029086
Uranium-234 mBq 198.95548 141.74064 x 2.364621 x 0.07063968 54.779582
Uranium-234 mBq 315.83106 244.65369 x 4.4951216 x 0.13368945 66.548556
Uranium-235 mBq 8.0476433 6.2326204 x 0.1146256 x 0.00340908 1.6969882
Uranium-235 mBq 520.64444 403.20178 x 7.4169507 x 0.22058759 109.80512
Uranium-238 mBq 672.87984 613.84888 x 3.6807661 x 0.08696153 55.263231
Uranium-238 Bq 2.3140709 2.0985767 x 0.013193008 x 3.99317E-04 0.20190192
Uranium alpha mBq 770.94896 597.51958 x 11.042809 x 0.32843393 162.05813
Uranium alpha Bq 15.163524 11.74793 x 0.21581257 x 0.00641848 3.1933637
Uranium ore, 
1.11 GJ per kg, 
in ground
mg 46.08 46.08 x x x x x
Uranium, 451 
GJ per kg, in 
ground
µg 609.30366 494.21695 47.449641 x 67.637071 x x
Uranium, 560 
GJ per kg, in 
ground
µg 491.96207 491.96207 x x x x x
131
Uranium, in 
ground mg 60.184422 47.104415 x 0.82637587 x 0.02501609 12.228615
Vanadium mg 11.073435 10.481312 0.0417569 0.078213315 x 0.00276031 0.46939307
Vanadium µg 5.6363924 5.5621548 x 0.063276973 x 8.87226E-04 0.0100734
Vanadium, ion mg 76.732754 68.938216 0.0587238 0.44439369 x 4.5271502 2.7642694
Vermiculite, in 
ground mg 2.5289862 2.5145773 x 0.001737779 x 0.00040287 0.012268199
VOC, volatile 
organic 
compounds
mg 96.963557 47.355 49.608557 x x x x
VOC, volatile 
organic 
compounds as 
C
mg 1.0778034 1.0778034 x x x x x
VOC, volatile 
organic 
compounds, 
unspecified 
origin
mg 8.0596468 7.4215409 x 0.21822249 x 0.0161599 0.40372347
Volume 
occupied, final 
repository for 
low-active 
radioactive 
waste
mm3 110.40877 90.715436 x 1.7045066 x 0.05067523 17.938148
Volume 
occupied, final 
repository for 
radioactive 
waste
mm3 25.93758 21.769399 x 0.42533293 x 0.011769343 3.7310778
Volume 
occupied, 
reservoir
m3da
y 36.902267 36.404181 x 0.41104192 x 0.01883835 0.068206248
Volume 
occupied, 
underground 
deposit
cm3 1.35775 1.3482952 x 0.001806041 x 0.000114214 0.007534521
Waste in 
incineration mg 7.2754121 7.2754121 x x x x x
Waste returned 
to mine mg 19.588389 19.588389 x x x x x
Waste to 
recycling µg 34.862377 34.862377 x x x x x
Waste, final, 
inert g 3.046089 0.26454248 2.7815465 x x x x
Waste, from 
incinerator mg 167.67 167.67 x x x x x
Waste, 
industrial mg 118.80427 118.80427 x x x x x
132
Waste, nuclear, 
high active/m3 mm3 0.022565041 0.014512045 0.008053 x x x x
Waste, nuclear, 
low and 
medium active/
m3
mm3 2.7020986 0.88812593 1.8139726 x x x x
Waste, solid g 3.144491 3.144491 x x x x x
Waste, 
unspecified g 5.130917 5.130917 x x x x x
water g 2.225155 2.1479978 x 0.003552705 x 7.71E-05 0.073527319
Water, barrage g 609.3 609.3 x x x x x
Water, cooling, 
salt, ocean mg 661.1 661.1 x x x x x
Water, cooling, 
surface mg 21.106 21.106 x x x x x
Water, cooling, 
unspecified 
natural origin/
kg
g 17.5656 17.5656 x x x x x
Water, cooling, 
unspecified 
natural origin/
m3
dm3 261.95242 240.39816 x 1.6486332 x 0.052941125 19.852681
Water, cooling, 
well, in ground µg 36.316 36.316 x x x x x
Water, lake cu.in 165.1229 164.19957 x 0.10969425 x 0.02585149 0.78778486
Water, process, 
drinking mg 686.34 686.34 x x x x x
Water, process, 
salt, ocean mg 71.886 71.886 x x x x x
Water, process, 
surface mg 47.118 47.118 x x x x x
Water, process, 
unspecified 
natural origin/
kg
mg 181.926 181.926 x x x x x
Water, process, 
well, in ground µg 59.052 59.052 x x x x x
Water, river dm3 61.880519 59.387366 x 0.37224785 x 0.04902309 2.0718816
Water, salt, 
ocean cu.in 505.17305 500.60112 x 3.5019493 x 0.085241138 0.9847345
Water, salt, 
sole cm3 259.86862 242.52547 x 7.3840536 x 0.51556664 9.4435294
Water, turbine 
use, 
unspecified 
natural origin
cu.yd 49.713506 48.914602 x 0.65510057 x 0.02256618 0.12123738
133
Water, 
unspecified 
natural origin/
kg
oz 70.961941 51.87945 19.08249 x x x x
Water, 
unspecified 
natural origin/
m3
dm3 69.706888 69.211864 x 0.30183703 x 0.04244298 0.15074386
Water, well, in 
ground cu.in 774.92536 761.88596 x 5.2086008 x 0.12544061 7.7053553
Wood waste ng 36.124645 36.124645 x x x x x
Wood, dry 
matter mg 118.5882 118.5882 x x x x x
Wood, hard, 
standing cm3 252.92492 251.45157 x 0.45562282 x 0.00719658 1.0105299
Wood, primary 
forest, standing mm3 132.01794 131.71623 x 0.098795158 x 0.00843572 0.19448431
Wood, soft, 
standing cm3 726.29822 724.86244 x 1.2016217 x 0.0214022 0.21275829
Wood, 
unspecified, 
standing/kg
mg 98.70216 14.318298 77.03174 x 7.3521222 x x
Wood, 
unspecified, 
standing/m3
mm3 13.410708 13.407478 x 0.001557505 x 5.29744E-04 0.001142931
Xenon-131m Bq 6.8571059 6.7648227 x 0.075417558 x 0.00607688 0.010788726
Xenon-133 Bq 252.03669 248.91255 x 2.5308984 x 0.21926376 0.37398128
Xenon-133m mBq 475.4727 466.81683 x 7.538748 x 0.28754624 0.82958063
Xenon-135 Bq 98.480796 97.21426 x 1.0276321 x 0.08791834 0.15098555
Xenon-135m Bq 59.692923 58.92265 x 0.62234378 x 0.05507077 0.092859255
Xenon-137 Bq 1.6722372 1.6529324 x 0.015114846 x 0.00167338 0.002516559
Xenon-138 Bq 12.949121 12.794314 x 0.1225182 x 0.01262249 0.019666268
Xylene mg 42.678197 36.660888 0.1025592 0.56607141 x 0.011274349 5.3374041
Xylene mg 2.7124437 2.3556205 0.0031459 0.0610504 x 0.00450828 0.28811864
Yttrium-90 nBq 329.51881 329.51881 x x x x x
Zeolite, in 
ground µg 46.130964 14.747921 31.383043 x x x x
Zinc mg 45.127888 44.796471 0.0053574 0.15547888 0.0486734 0.00403753 0.11786967
Zinc mg 1.7734795 1.7430915 x 0.01810808 x 0.00346553 0.008814382
Zinc-65 µBq 13.861253 13.716398 x 0.11213991 x 0.01333104 0.019383376
Zinc-65 mBq 32.182029 31.824653 x 0.27666455 x 0.0328895 0.047821449
134
Zinc, 9.0% in 
sulfide, Zn 
5.3%, Pb, Ag, 
Cd, In, in 
ground
g 7.2993464 7.2927985 x 0.004942132 x 2.61882E-04 0.001343918
Zinc, in ground µg 36.173887 33.446839 2.7270489 x x x x
Zinc, ion g 3.697887 3.5703296 0.0001179 0.001965433 3.50E-05 0.12333918 0.002099837
Zirconium µg 1.2821115 1.1488715 0.023935 0.084012728 x 0.00146821 0.023824103
Zirconium-95 µBq 12.689932 12.548343 x 0.1096125 x 0.01303059 0.018946514
Zirconium-95 mBq 1.3930736 1.388935 x 0.003203853 x 0.00038087 0.000553786
Zirconium, 
50% in zircon, 
0.39% in crude 
ore, in ground
µg 413.1507 412.95189 x 0.071136791 x 0.04280918 0.084863919
135
Appendix F
Raw SimaPro Calculations (Kindle versions 1-3)
Kindle v. 1 Data
Raw Kindle Output for Characterization.
Impact category Unit Total Kindle w/ packaging
Container 
ship I
Transport, 
freight, rail/
RER U
Delivery 
van (<3.5t) 
B250
EOL for 
Kindle
Use Phase 
electricity
Climate change 
(GWP)
kg CO2 eq 22.271724 20.300432 0.96619374 0.087820931 0.18046672 0.09853103 0.6382802
Ozone depletion kg CFC-11 
eq 3.80E-05 3.78E-05 1.61E-09 6.35E-09 1.47E-07 5.90E-10 3.52E-08
Human toxicity kg 1,4-DB 
eq 12.398022 12.240903 0.00234743 0.012263391 0.005656564 0.06595507 0.0708965
Photochemical 
oxidant formation
kg 
NMVOC 0.0511327 0.028451147 0.01874398 0.000501785 0.001800748 6.88E-05 0.0015662
Particulate matter 
formation
kg PM10 
eq 0.0251754 0.016957259 0.00669896 0.000277485 0.000177589 1.22E-05 0.0010519
Ionising radiation kg U235 eq 2.9800371 2.4737702 5.69E-11 0.045694642 0 0.00138248 0.4591899
Terrestrial 
acidification
kg SO2 eq 0.0795763 0.05017252 0.02399568 0.000455331 0.00058807 2.94E-05 0.0043353
Freshwater 
eutrophication
kg P eq 0.0050721 0.005061182 2.30E-07 3.24E-06 3.25E-08 1.90E-06 5.49E-06
Marine 
eutrophication
kg N eq 0.0189328 0.010679169 0.00684306 0.000164564 0.000226072 0.00057925 0.0004407
Terrestrial 
ecotoxicity
kg 1,4-DB 
eq 0.0047374 0.004676925 6.07E-07 8.58E-06 9.94E-07 3.65E-06 4.66E-05
Freshwater 
ecotoxicity
kg 1,4-DB 
eq 0.3138486 0.30740704 2.28E-05 0.000242641 4.42E-05 0.00325521 0.0028768
Marine ecotoxicity kg 1,4-DB 
eq 0.2325979 0.22809578 2.78E-05 0.000285144 3.37E-05 0.00284767 0.0013078
Agricultural land 
occupation
m2a 1.5611976 1.5533667 0.00035107 0.001541792 0 6.76E-05 0.0058705
Urban land 
occupation
m2a 0.1497176 0.092946164 0.04931833 0.002640333 0 0.00063668 0.0041761
Natural land 
transformation
m2 0.0018566 0.001785877 0 3.78E-05 0 -5.09E-06 3.80E-05
Water depletion m3 0.1490038 0.14524581 0.00054098 0.000761236 0 9.39E-05 0.0023618
Metal depletion kg Fe eq 4.5825225 4.565092 0.00010206 0.011688703 0 0.00022641 0.0054134
Fossil depletion kg oil eq 3.2419937 2.6438431 0.32213087 0.026677687 0.055166055 0.00141922 0.1927567
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Kindle v. 2 Data
Raw data of the Kindle with the secondary option for LCD screen inputs.
Impact category Unit Total
Kindle w/ 
packaging 
inkv2
Container 
ship I
Transport, 
freight, rail/
RER U
Delivery van 
(<3.5t) B250
Use Phase 
electricity
Climate change 
(GWP) kg CO2 eq 49.525872 47.653111 0.96619374 0.087820931 0.18046672 0.63828016
Ozone depletion kg CFC-11 eq 3.80E-05 3.79E-05 1.61E-09 6.35E-09 1.47E-07 3.52E-08
Human toxicity kg 1,4-DB eq 12.630947 12.539783 0.002347428 0.012263391 0.005656564 0.070896522
Photochemical 
oxidant formation kg NMVOC 0.05366946 0.031056792 0.018743981 0.000501785 0.001800748 1.57E-03
Particulate matter 
formation kg PM10 eq 0.02640874 0.018202764 0.006698956 0.000277485 0.000177589 1.05E-03
Ionising radiation kg U235 eq 3.2333651 2.7284806 5.69E-11 0.045694642 0 4.59E-01
Terrestrial 
acidification kg SO2 eq 0.08374374 0.054369348 0.023995678 0.000455331 0.00058807 4.34E-03
Freshwater 
eutrophication kg P eq 0.00518739 0.005178404 2.30E-07 3.24E-06 3.25E-08 5.49E-06
Marine 
eutrophication kg N eq 0.02428962 0.016615194 0.006843059 0.000164564 0.000226072 4.41E-04
Terrestrial 
ecotoxicity kg 1,4-DB eq 0.00489251 0.004835705 6.07E-07 8.58E-06 9.94E-07 4.66E-05
Freshwater 
ecotoxicity kg 1,4-DB eq 0.32072784 0.31754149 2.28E-05 0.000242641 4.42E-05 2.88E-03
Marine ecotoxicity kg 1,4-DB eq 0.2348532 0.23319876 2.78E-05 0.000285144 3.37E-05 0.001307793
Agricultural land 
occupation m2a 1.5847871 1.5770238 0.000351069 0.001541792 0 5.87E-03
Urban land 
occupation m2a 0.15949369 0.10335895 0.049318331 0.002640331 0 0.004176078
Natural land 
transformation m2 0.002118601 0.00204282 0 3.78E-05 0 3.80E-05
Water depletion m3 0.16197946 0.15831544 0.000540979 0.000761236 0 2.36E-03
Metal depletion kg Fe eq 4.6871443 4.6699401 0.000102064 0.011688703 0 5.41E-03
Fossil depletion kg oil eq 3.4453206 2.8485893 0.32213087 0.026677687 0.055166055 0.19275672
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Kindle v. 3 Data
Raw data of the Kindle with the third option for LCD screen inputs.
Impact category Unit Total
Kindle w/ 
packaging 
inkv3
Container 
ship I
Transport, 
freight, rail/
RER U
Delivery van 
(<3.5t) B250
Use Phase 
electricity
Climate change 
(GWP) kg CO2 eq 50.258107 48.385345 0.96619374 0.087820931 0.18046672 0.63828016
Ozone depletion kg CFC-11 eq 3.81E-05 3.79E-05 1.61E-09 6.35E-09 1.47E-07 3.52E-08
Human toxicity kg 1,4-DB eq 15.457524 15.36636 0.002347428 0.012263391 0.005656564 0.07089652
Photochemical oxidant 
formation kg NMVOC 0.056753348 0.03414068 0.018743981 0.000501785 0.001800748 1.57E-03
Particulate matter 
formation kg PM10 eq 0.027851287 0.019645314 0.006698956 0.000277485 0.000177589 1.05E-03
Ionising radiation kg U235 eq 3.487635 2.9827505 5.69E-11 0.045694642 0 4.59E-01
Terrestrial 
acidification kg SO2 eq 0.087816086 0.058441698 0.023995678 0.000455331 0.00058807 4.34E-03
Freshwater 
eutrophication kg P eq 0.006813927 0.00680494 2.30E-07 3.24E-06 3.25E-08 5.49E-06
Marine eutrophication kg N eq 0.025300703 0.017626274 0.006843059 0.000164564 0.000226072 4.41E-04
Terrestrial ecotoxicity kg 1,4-DB eq 0.005019978 0.004963177 6.07E-07 8.58E-06 9.94E-07 4.66E-05
Freshwater ecotoxicity kg 1,4-DB eq 0.35677472 0.35358837 2.28E-05 0.000242641 4.42E-05 2.88E-03
Marine ecotoxicity kg 1,4-DB eq 0.26982205 0.2681676 2.78E-05 0.000285144 3.37E-05 0.00130779
Agricultural land 
occupation m2a 1.6057863 1.598023 0.000351069 0.001541792 0 5.87E-03
Urban land occupation m2a 0.17704976 0.12091501 0.049318331 0.002640332 0 0.00417608
Natural land 
transformation m2 0.002231815 0.002156033 0 3.78E-05 0 3.80E-05
Water depletion m3 0.1722258 0.16856178 0.000540979 0.000761236 0 2.36E-03
Metal depletion kg Fe eq 5.2779401 5.260736 0.000102064 0.011688703 0 5.41E-03
Fossil depletion kg oil eq 3.6531546 3.0564233 0.32213087 0.026677687 0.055166055 0.19275672
138
Appendix G
Raw EOL Calculations for the Printed Book
Impact category Unit Total Waste scenario/US U
Climate change kg CO2 eq 12.578893 12.578893
Ozone depletion kg CFC-11 eq 5.17E-08 5.17E-08
Human toxicity kg 1,4-DB eq 2.397303 2.397303
Photochemical oxidant formation kg NMVOC 0.009687691 0.009687691
Particulate matter formation kg PM10 eq 0.001218382 0.001218382
Ionising radiation kg U235 eq 0.17847162 0.17847162
Terrestrial acidification kg SO2 eq 0.003057055 0.003057055
Freshwater eutrophication kg P eq 4.73E-05 4.73E-05
Marine eutrophication kg N eq 0.044270319 0.044270319
Terrestrial ecotoxicity kg 1,4-DB eq 3.46E-05 3.46E-05
Freshwater ecotoxicity kg 1,4-DB eq 0.046372179 0.046372179
Marine ecotoxicity kg 1,4-DB eq 0.0440979 0.0440979
Agricultural land occupation m2a 0.005378991 0.005378991
Urban land occupation m2a 0.057459451 0.057459451
Natural land transformation m2 -0.000462944 -0.000462944
Water depletion m3 0.008645969 0.008645969
Metal depletion kg Fe eq 0.020502638 0.020502638
Fossil depletion kg oil eq 0.12198725 0.12198725
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